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I • IN TRODUC T ION

A l k a l i — c o v e r e d  s emiconduc to r s  have been s tud ied  with increas-
ing frequency in recent years  a t least in par t  because of the
potential of these materials as efficient photoelectron emitters.1
These sys tems have also bee n used to exam i n e sem i conduc tor ener gy
band struc ture by photoemission because of the considerable lower-
ing of the s u r f a c e  ba r r ier w h i c h  takes p 1a~.~o upon alkali adsorn-
tion . The reduced electron affinity effectively increases the
escape proba bi l ity for  pho toexc ited electrons and ex tends the long
wavelength photoelectric threshold. The sac: e efficient pii~ toe~~is—
sion is not exhibited by alkali—covered metals because of the high
op tical ref lectivity and the shor t photoe] ~c t ron  jth l en e th  due
to strong electron-electron interactions.

Much of the early alkali— scniconcluctof effoL ~ was dcv . t~~d to
germanium and silicon. But as Ill—V semi couchtctor technology be-
gan to develop in the 1960’s, these studies -~.n re graduall y extend—
ed to the I l l — V  m a t e r i a l s .  Out of th i s  work c a r t e  thL GaAs/Cs no
ative electron affinity photocathode (Scheer and van  Laar , 1 9 6 5 ~ 2
and subsequently a whole new class of Ill—V compound photocathodes
which operated on the negative electron affinit~: (or NLi~) princip le.The NEA pho toca thode , unlike its predecessors , had effectively no
sur face barrier to prohibit the escape of bulk photoelectrons.
Consequently, NFA devices were cons iderably  more sensi tive than
cathodes of earlier design.

The operation of an NEA emitter is compared to that of a con-
ventional “hot electron ” emitter in Fig. 1. In both devices ,
electrons which  are pho toex cited in to  the conduct ion band rap idly
“therm a li ze ” to the conduc tion ba nd m in imum by giving energy to
the crystal lattice . For a single electron this involves a large
number of small energy losses over a fairly short path length
(several hundred A ) .  A thermalized electron remains at the conduc-
tion band minimum u n t i l  it has the opportunity to recombine with a
valence band hole.  The pa th  length fo r  such an event  is typ i ca l l y
hundreds  of t imes longer  than  t ha t  fo r  t her m a l i z a t i o n . conse-~u e nt ly ,
a pho toe; . : c it e l  e l e c t r o n  t h a t  has t her m al i zed  to the conduct ion  band
min imum may d i f f u s e  several  m i c r o n s  be fo re  r ecombin ing  across the
gap. The internal energy distribution of photoelectrons (shown by
the dotted line in Fig. 1) is therefore peaked near the conduction
hand minimum .

In the hot electron device , only those electrons which are
very near the surface (100—1 000 A) are able to escape into vacuum.
Elec trons whi ch have t he rma li z ed to the conduc tion band mi n im um
are trapped within the solid by the surface barrier. In the NEA
d e v i c e , howeve r , tlter is effectively no s u r f a c e  b a r r i e r  for  h u l k
c l 3 ct r o n s , and even those  e l e c t r o n s  wh ich  have thermalizod several
microns  benea th  the  s u r f a c e  are ab le  to di fGi ~~ 0 to the s u r f a c e  and
escape int .’ vacuum . The e a n a t o  depth  is , in  f a c t , t h e  i i in o r i t y
c a r r i e r  (or e l e c t ri c)  d i f f u s i o n  l e n r t h , a f a c t  c r  of 100 to 1000
ir e at er  t h a n  the  esc ap e  depth  in the , hot e l e c t r o n  device-. Conse-
q u e n t l y ,  the pho toe l ec t r i c  s e n s t i v i ty  is  q r e a t l y  enhanced ,

1
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especia l ly  in the threshold  reg ion. This proper ty is par ticularly
u s e f u l  in infrared or low light level applications.

It is evident from the diagram of F ig .  1 that for NE/ to occur ,
the semiconductor must be doped heav i l y  p— type . The p—type  doping
raises the bulk energy bands w i t h  respect to the s u r f a c e  bands  be-
cause the position of the la tter is determia~ d independen tly by
the sur face  state d i s t r i b u t i o n .  The r e s u l t i n g  b a n d — b e n d i n g  ensures

• that bulk valence band electrons are photoexcited into energy states
as high as possible with respect to the vacuum level.

The dens i ty  of the dop ing determines the width of the bent-
band region . The dens ity mus t be high enough tha t the bul k electrons

I- . are able to pass through this reg ion to the surface without appre—
• ciable energy loss by phonon product ion , and ye t low enough that

eLectron transport in the bulk is not impaired by impurity scattering.

Af ter the GaAs/ Cs NEA pho toca thode wa s discovered in 1965 , the
-~at !o d e  was not app lied immediately to a p rac t i ca l  device because
it  could be produced only w i t h  the bes t ava i lable ma teri als and
on ly in ultra—high vacuum . These diffi culties were overcome when
i t  was discovered tha t  a lower work f u n c t i o n  could be generated
wi th  cesium oxide than w i t h  cesium alone , 3 p e r m i t t i n g  more r e l i ab le
photoemiss ion  to be ob ta ined  f rom GaAs . This  process also allowed
NEA to be achieved on lower band gap Ill-V materials with the re-
suttan t extension of the infrared response. InGaAs/Cs—04 , one
of these devices , promises to replace the well—established S—l
photocathode (AgOCs)  for  i n f r a r e d  detec t ion . In add i t ion  to a lowe r
photee1e .~t.ric t h re sho ld  (-~0 . 8  eV) and g rea t e r  s e n s i t i v i t y, InGaAs / Cs—0
a].so has a dark current smaller by several orders of magnitude.

In 1970, -1a rt 3n~-1l i5 demonstrated that NNA could a lso he achiev-
ed or silicon upon activation with cesium and oxygen. Silicon
appeared to offer advantages over its Ill—V counterparts in the area
of t r a n s m i sr - ;i o r i— n n d e  devices.  These devices r equ i r e  l a r g e — a r e a
s e l l - s u p p o r t i n g  layers no thicker than the mean escape depth for
photoelectrons. Silicon , with its long dii~fusion length and ad—
viriced materials technology , had obvious advantages in this applica—
ti an .

It was evident quite early that there were considerable dif-
ferences between the silicon cathode and the Ill—V devices. Silicon ,
for example , could b: activated by a single application of cesium
and oxygen ~~“ t W n- S te e c  process ”) rather than by a series of app li -
cations (“yo—yo process ” )  wh ich had to be used fo r  the I l l — V  m a t e r i a l s.
Only  the ( 1 0 0 )  surface could be activated , whereas several faces
could be activated for any of the I l l — V  semiconductors.  Low energy
elec t ron  d i f f r a c t i o n  ( L E E D )  indica ted  t h a t  the ces ium and oxygen
atoms occupied s p e c i f i c  sites on the s i l i con  s u r f a c e , w h i l e no such
ordering of the cesium oxide layer was observed for any of the
Ill—V materials. Finally, the si~~icon photoca thode had a much
higher dark current (factor of 10 ) than any of the  I l l — V  NEA
t)I~O t OcathOdes.

All of these obse rvations point to fundamental diff erenc es in
the physical structure of the cesium oxide layer. These differences

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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have been discussed at lenoth in recent  p u b l i c a t i o n s  by L in e 6,
Golds te in7 , and Ma r t i n el l i 8 ’ 9 of RCA J a ber a t o r i e s  and by J. . 

•

Howorth , et a l . 1-° of the E n g li s h  Electric Valve Company. Levin~proposes a s t r u c t u r a l  model for  Si/Cs/0 wh ich  a t t r i b u t e s  muc h at
the photoelectric behavior to the sil icon sur~ aco geomet - ’ r a t h e r
than to the properties of cesium oxide . Martinelli lends consider-
able support to the Levine model with his report of achie vi . i r  nearly
identical emission characteristics using rubidium inatead off cesium
in the su r f ace  layer .

The present experiment is an extension of the SilicOt ’. .- . ..ck to
germanium.  It wa~ de termined f rom e a r l i e r  work in this  L i , ‘e t. r 
by R. L. Er ickson 1 tha t  G e ( l O O )  ac t ivates  s i m i l a r l y  to S i ( L 0 J )
w i t h  cesium and oxygen.  The purpose of the p r e sen t  s tudy ~~as to
add more i n s igh t  in to  the Si/Cs/0 work while at the same tine
determine  whe the r  NEA could be achieved w i t h  gerrn~ nium . A part.
f rom the photoelec t r ic  and work f unc t i on  measurements , er : . i : . c~~L,
was placed upon s t r u c t u r a l  and chemi cal, data , because of tN  s o t . -
s it ivity of Si/Cs/ 0 to these factors ’2’1-3 . It was a s s un o d  ~ i~at ~~~
same s e n s i t i v i t y  would carry  over to germanium , because of the Ide
tical clean surface structure.

‘leasurements  of low energy e lec t ron  d i f f r a c t i o n  (LLc ~i ’q were
used to link this  work with Golds tein ’s Si/Cs/ 0 study ,  while nicasur’-
men ts of el astic specula r  electron r e f l e c t i v i t y  ( N S L ’h R )  w o e . u sed
to provide a nero q u a n t i t a t i v e  probe of s t r u c t u r a l  qu a l i t ~~. Au~~:e
e lec t ron  spec t roscopy (AES ) was used to de tec t  s u r f a c e  cot t a t n i n a t H  en
( s e n s i t i v e  to 1% monolayer  of most elements) and to deter : . inc
r e l a t i v e  amounts  of cesium and oxygen in the surface layer. Be—
sides characterizing the Ge/Cs/0 surface at various stages of forn a-
t ion and f n r : n i 1 u t i n g  a s u r f a c e  model , art e f f o r t  was made to u n i o r —
stand those factors nest c r i t i c a l  to the pho toe lec t r i c  optim iza—
t ion process.

In the d i scuss ion to fol low , the final photosurface produced
by the t w o — s t e p  process w i l l  be r e f e r r e d  to as the  “activated” or
the  “ o p t i m i z e d ”  su r f ace . Adher ing  to the convent ion  of Lev ine , i t
will be denoted by the symbol Ge/Cs/0. In the same m a n n e r , th e:
“ f u l l y  c e s i a t ed”  or “cesium—saturated” su r f a c e  w i l l  be den oted 

~t,Ge/Cs. Only these two particular surface designations will h-c
w r i t t e n  w i t h  the “s lash” notation. Other surfaces , such as these
at i n t e r m e d i a t e  s tages  of f o r m a t i o n , w i l l  be des ignated w i t h  the
more g e n e ral  “ d a s h ”  symbolism , e . g .  Ge-Cs or C e — C s - 0 .
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I I .  E X P E R I N E N T A f  T ECiL  ~ i E S  AND A PPAR~\TU~

The G e/ C s/ 0  ph o t osu r f ace , l i k e  S i /Cs/U , is fonme el h y r e a c t i ng
r o u gh ly “ mono laye r ” q u a n t i t i e s  of ces ium and oxygen on th e  a t e.—
i ca l ly  clean ( 100)  c r y s t a l l i n e  s u rfa c e . The cathode  i s  ve ry  r eac t ive
and can onl y be s u c c e s s f u l l y  f o r :n e ’r  and :caintat neil in ultrahigh
vacuum . Goldste in 12 has  found  th~~t for  the s i m i l a r  Si/ Cs/U cathode ,
a we l l—orde red  and chemica ly  clean m i t  .~i s u r f a c e  is i mp o r t an t  for
success fu l  a c t i v a t i o n. C o n s equ e n t l y ,  c o n s i d e r a b l e  e mp h a s i s  was
placed in the present  e x p e r i m e n t  upon the proe- c. i r . -: i ent  of st r .tc ’-tu r ‘ii

and chemical data.

The desired structural information a-u s obtained by means of
low energy electron diffraction ( L E E D )  and measurements  of e la s t i c
specular  e lec t ron r e f l e c t i v i t y  ( E S E R )  , ~/h1 le  su r f ace  chemica l  in fo r -
mat ion  was obta ined by means of Auger  e l ec t ron  spectroscopy ( A L S ) .
Measurements  of work function and photoelectric emission were used
both to characterize the various surfaces under study and to gauge
the pe r fo rmance  of the f i n a l  ac t iva t ed  s u r f a c e .  The p r i n c  i ; a l  a i m
of the expe r imen t  was to u n d e r s t a n d  the photoca thode  f o r m a t i o n  ~ r e—
cess in terms of app rop r i a t e  e l ec t r i ca l, chemica l , s r i  structural
pa rame te r s .  P a r t i c u l a r  emphas i s  was placed upon the  d i s c ov e r y  of
those fac to r s  leading to op t imum p h o t oe l e c t r i c  responee .

This section deals primarily with the various ex p e r i m e nt a l
techniques  used in the i nves t i ga t i on  r a t h e r  than  w i t h  a de ta i l ed  H
descrip t ion  of the exper imenta l  appa ra tus . Al l  of t :Ne 3Pi a r a t us
has been used be fore in th i s  labora tory  and is d i s u i r n u — t i  a t  l e n g t h
in o ther  sources.  R e f e r e n c e  to these sources is made in the  text
where  appropr i a t e .  A r u d i m e n t a r y  d e s c r i p t i o n  of each t e c h n i que  is
g iven  here , a long w i t h  a d iscussion of the i n f o r ma t i o n  which  could
be ex t r ac ted  via tha t  techi: i : ruo . The a s s u m p t i o n s  a ssoc ia ted  w i t h
each m e a s u r en i en t  are e x a m i ne d , as we l l  as l im i t a t i o n s  and poss ib le
sources of er ro r .

1. Vacuum System

The vacuum syston used in the  a c t i v a t i o n  study was a l ? — ~~nch
d iameter  s ta in less  s te el  chamber  ( U l t e k  model TNB) e lu : i . p r erI w i t h
ion pumping (100 l i t e r s/ s ec )  and t i t a n i u m  s u b l i m a t i o n  pump in g . An
overal l  view of the system is shown in F ’i o . ~~~. A f t e r  t u N i n g  and
p roces s ing ,  the b a c k g r o u n d  pr c s c t r e  a l - r a y s  e n r i c h e d  less t h a n  1 >: 10 •

Torr as measured  w i t h  a h a y a r d — A l p e r t. i o n i z a t i o n  g a u g e .  Tho sys her :
was equipp ed  w i t h  an EAI l5 OA q i t u d r u p o i c  mass spec t rometer  fo r
res idual gas ana l y s i s .  A t y p i c a l  mass t race i.s show i n  F ig .  3.
The p r i n c ipal  back ground  gases were  C~~, C07 , Ar , r ind ( ‘i! 4 ,  none of
which , in the qu a n t it . L ’ s  p resen t , h i d  a n i r i r h e d  ef t o t  on any of
the s u r f a c e s  s t u d i ed .  I N n  n f r e s hly  cesi , i t , ed s u r f - toe s , a f t e r  reach-
ing  coverage e q u i l i b r i u m , we re chemi  r ’ a I  ‘L y  r i u i d  s t r u e h u r u  l i y  s tab l e
for  per iods of at : least  severa l  cl ys in th e  v a c i n i n t  u sed

A c ro s s —s ec t i o n  of the  vacuum S s t  en 15 :;he ,wn in F - i -. . 1. The
Ge sample w a s  s i tu a t e d  at  the cent r and could  be r o t a :  - i  v i a  the
sample r i an i n t i l at o r  ho a n y  of several  p r o ce s s i n g  or m o a s u r em ::t
s t a t i o n s.  I t  w i n  moun t e l  se cu r el y  to a t a n t a l u m  block w h i c h  wa s
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heated by an internal filament. Distributed about the center of
the  sys tem were p ieces of apparatus for performing various sur face
treatments and for obtaining relevant electrical , chemical , and
structural measurements.

A sputtering chamber was used to clean the sample by argon ion
bombardment .  Cont ro l led  amounts  of cesium were deposi ted  w i t h  an
aluminosi licate source and ion gun or by mean s of a valved molecular
source. Oxygen was introduced from a separate gas admission system
through a high vacuum valve . At the other stations were devices
for  measurement  of ph o t o ele c t r i c  y ie ld , work f u n c t i o n , e las t ic
specular e lectron r e f l e c t i v i t y  (E SER) , low energy  e lec t ron d i f f r a c -
tion (LEED) , and for  Auger electron spectroscopy (AES). Ea ch of
these measureme nts is discussed separ ately below in relation to
the goals of the experiment.

2 . Appara tus  f o r  Sa~~~~e P r e par a t i o n

The germanium sample was cleaned in vacuum by a comb ination of
argon ion bombardment and heating. 13 This method of surface prepara-
tion is commonly referred to as the sputter—anneal process. The
argon bombardment was used to remove surface contamina tion and
damaged layers, while heating served both to outcjas the samp le and
to reorder (or anneal) the surface following the argon sputtering.
h o t w e e .n successive activations the  sample was simply heated to
550°C to remove the cesium oxide layer.

The s p u t t e r i n g  chamber  was identical to t h a t  descr ibed by
Riach 1-4 

~nd was capable of produc ing current densities of 5 to
50 :a/cm in arcion pressures of 1 to 2 microns. The sputtering
chamber and associated circuitry are shown in Fig.  5. Re la t ively
low ion energies (100 to 200 eV) were typ i ca l ly  used in order to
avoid ion focusing at the sample surface. This ensured reasonably
un i form s u r f a c e  removal .

The argon for s t .u t t ..- r i n g  was  a d m i t t e d  into the vacuum system
via a tao—stage admission s - stem from a one lit e r flask of spectro—
g rap h i c a l l y  pur e  a ru o n .  The gas was f u r t h e r  u r i fj e d  by a combina-
tion of cataphoresis 15 and exposure to  freshly s: Jttered titanium .
Ins ide  the vacuum system the argon ;uri ty was mat ::taiuo-d by t i t a n i u m
sublir t ion pump ing.

The only problem -tsuociated with the s p u t t e r i n g  process was the
contamination of the samp le surface with slight amounts of tantalum
den ny bomoardment. The tantalum was believed to o r i g i n a t e  at the
;ar i g. Lc- holder  by spu tter removal and to be subsequen t ly  t r anspo r t ed
to the samp le su r f a c e  b y gas scatterino . The amount of tantalum
c o n t a m i n a t i o n  was held to less than  1% of a m o n o l a y e r  by u s i ng  lower
a rgon pressures and higher sputt ring energies and by minimizing

;-:t oaure of the sample holder to the plasma be proper sample placement.

The sample  was ou tqassed  and annealed  b y tt : ’- r mi l contact with
the sample hold er , ahich itself wEts It t :et by an internal filament.
The con tac t  was poor enough h i t  the  sample  c n o t ] d  only be h e a t e d  to
550°C without raising the  block t e rn :  n ”n r i t u r e  above the  me ltin t p oi n t
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of germanium (953°C) . Higher samp le tempera tures  were achieved
with additional electron bombardment heating at the sample surface
using the sputtering chamber filament. Long periods of elec tron
bombardment were avoided in order to minimize the cracking of back-
ground gases (especially CO) on the surface . The CO was found to
or ig ina te  from the s p u t t e r i n g  chamber hous ing  by outgass ing  during
the e lec t ron  bombardment.

3. Apparatu s for Surface Chemical Analysis

Dur ing  samp le c lean ing  and subsequent cathode formation , AES
was used to determine  the chemical  composit ion of the su r f ace  l ayer .
This technique , when properly ca l ib ra t ed, can be used in a quantita—
tive as well  as in a qual i tative fash ion , and is ~anable of detect-
ing less than 1% of a monolayer of most elements . 6 The beauty of
the technique is t h a t  it  is sens i t ive  to onl y the uppermost two or
three atomic layers .

B a s i c a l l y ,  the measurement  consis ts  of a n a l y z i n g  the energy
di str ibution of electrons backsca ttered from the sample under the
i n f l u e n c e  of electron bombardment. A certain fraction of the back—
sc attered elec trons occurs as peaks in the energy distribution at
energies charac teris tic of inner atomic energy leve l spacings of
the various su r f ace  atoms . In pract ice , the der iva t ive  of the energy
dis tribution is recorded because the characteristic peaks are more
ou t s t and ing  in these curves.  De ta i l s  of the AES technique are
described in Ref. 16.

Estimates of the amounts of surface contaminants or cathode
cons t i t uen t s  were derived from the peak—to—peak  magn i tudes  of
the Auger peaks in the derivative spectra For a given element
there was typ ically a choice of several peaks depending upon the
total number of energy levels involved. The mos t prominen t peak
was usually used unless it occurred at the same energy as one of
the peaks of another of the surface constituent. Such was the case
in the present experiment for germanium and cesium . Since both
had prominent peaks near 45 eV , the nex t larges t cesium peak (near
565eV) had to be used to gauge cesium coverage .

j The absolute quantity of a par ticular eleme nt was determined
by comparing the peak—to—peak Auger magnitude with that from a known
amount of that element , assumi ng a l inear  r e l a t i o n s h ip between
Auger magnitude and coverage . The assumption of l inear ity is general-
ly a good approx imation to f irs t order , at least up to a coverage
of one monolayer. The main problem associated with measuring the
absolute coverage of a particular element was the difficulty in
obtaining a known amount for calibration . This was not a problem
in the case of cesium because of the abili ty to depos it from an
ion source. The si tua tion was d i f f e rent , howeve r, for carbon and
tantalum . The sensitivity for these elements was calibrated by
measuri ng the Auger signal from a thick layer and assuming the peak
to represent  a coverage of 3 monolayers  or ap p r u t - :in i u t e l y  the Auger
electron escape depth . The differing backscattening coefficients
were not t aken  i nt o  accoun t .

A I ; S  was used in the prese nt experimen t toge ther w i t h  ESER and
LEED (the structural indicators) to judge tIn quality of the clean
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germanium surface prior to cathode forma tion. AES was also used
to gauge cesium and oxygen coverage during the activation process.
The 0:KLL(520eV) and Cs:M~ 5N4 r ( 5 65 ,580&1) trans i tions were used
for this purpose. ‘

Al l of the AES data in the experiment was obtained with a
f o u r — g r i d  hemispherical LEED—Auger analyzer. The source of ex-
c i t a t ion  was typ i c a l l y  a 2000  eV , 50 ~ia e lec t ron beam of 1 to 2 mm
diame ter , am~unt ing to an incident current density neve r greater
than 5 ma/cm . This bombardment was not particularly damaging to
th-~ clea n sur face, except that carbon would build up on the surface
over a period of time due to dissociation of adsorbed back ground
gases. The same effect was observed on cesium— and cesium oxide—
cove red surfaces , in addition to some slight rearrangeme nt and/or
deso rp t i on  of the cesium and oxygen .  None of the bombardment effects
was very  ser ious , in t ha t  no si g n i f i c a n t  degradat ion  of the photo-
electric yield was observed for any surface over the course of time
of a normal measurement.

4.  Ces ium Depos i t ion

During the activation of the germanium sample with cesium and
oxyge n , cesium was deposited by one of two methods. The method
used mos t frequently was that of ionic deposition. The other method ,
that of molecular adsorption , was used chiefly to circumvent some
of the undesirable aspects of the ion technique. Each of these
methods is descnibe :1 separately below .

Ionic  depos it ion

The source used for ionic deposi tion was an aluminosilicate
source (ion—exchanqed Linde type A zeolite ) identical to that
descr ibed y Eeb r and Cordes.’7 An ion gun (Fig. 6) consisting
of a con tro l qrid , cyl in d r i c a l  E inze l lens , and mask was used to
con t ro l  the dep o s i t i o n .  The gun produced a semi—focused ion beam
capable of providlng reasonably uniform and rapid deposition over
t h e  urea of the sample.

The chief advantag e of the ion beam technique was the ability
to mea sure t h -  amou nt of cesium deposited by i n t e g r a t i n g  the ion
flux. Thi s was accomplished by measuring the voltage across a capac-
itor placed in series with the target lead. The main disadvantage
of the techni tue was the i n a b i l i t y  to achieve reliably uniform ce-
si um deposi tion because 0 E partial focusing of the ion beam. This
was not a problem on fully cestated surfaces (..lm cesium) because
there was no coverage variation once saturation was achieved.
Par tially cesiated surfaces were generally not uniform but the varia-
tion across the sample was neve r worse than 15%. Even this amount
was not particularly troublesome , because it was always possible
to examine several areas of the sample (usually with work function)
and f ind a region of rough l y  “average ” coverage.

Ano ther potentially serious problem associated with the ion
d e p o s i t i o n  technique was the  ap oa r e n t  evo lu t ion  of oxygen by the
source d u r i n g  op e r i t ion . The oxynen  was thoug h t  to a r i s e  f r o m
the same solici—st ata electrolytic process which produced the cesium
ions , since the evolution of oxygen proceeded only while cesium ions

7

_ _ _   ~~~~~~~~~~~ ~~~~~~~~ - ~~. r ~~~
--- --

~~
---

~~~ 



were being extracted. 18 The consequences were especially objection—
able for the forma tion of the Ge/Cs/ 0 photosurface , since it was
des i rab le  to examine  cesium and oxygen adsorpt ion  sep a ra te ly ~

The amount of oxygen liberated by the cesium source was reduced
considerably by preheating the source for one minute at 50—100°C
above the normal operating temperature and by depositing the cesium
in 0 . 2  monolayer  steps , opera t ing  the gun in the c u t o f f  condi t ion
(control grid 30 volts positive ) for one minute between steps . The
gun potentials were also set so that cesium would be deposi ted as
rapidly as possible. This minimized the length of exposure of the
sample to the oxygen. Using this procedure , oxygen contamination
as determined by AES was kept to a level less than 10% of that
present on the final optimized surface . The e f fec t  of this amount
of oxygen on the elec trical proper ties of the cesia ted and optimi zed
surfaces is discussed in Sec. III. 4.

Typical cesium ion flux during deposition was 1.5 x 1012 ions /sec
over the 0.5 cm 2 sample area. This high rate made it possible to
deposit one monolayer of cesium in about 3 1/2 minutes , exc lud ing
the pauses between the steps . Approximate operating potentials are
shown in Fiq. 6 along with the sketch of the ion gun .

One of the prime cons i de ra tions of the ion deposi tion technique
was the accuracy of the coverage measurement. It was important
to kn ow the actual cesium coverage in order to understand the phys—
ical s t r u c t u r e  of the adsorbed l ay e r .  T h er e  wo re several fac tors
which  d i r e c t l y  in f l u e n c e d  the r e l a t i o n s h i p  b ot r en the measured
and the actual coverage . One of these factors , deposi tion u n i f o rmi ty ,
has already been discussed (earlier this section). Another factor ,
the deposition area , is equ al ly  important. The area uncertainty
arises because of the oxide border left around the sample edges
after sputtering. A 10% coverage err r could a r i s e  if the adsorp-
tion characteristics of the oxide differed sigui ficrtnt l from those
of the clean qermani in (c .2m border assumed). If the oxide adsorb-
ed cesium less readily, the measured coverage would a:pear less
than the actual coverage since t Ir e  maximum sur’~ i ’ area was used
in the coverage calculation . Finall :, loti u— r ’ in - ie s u r f a c e  migra-
tion like that observed by Cord es 19 i n : - Ge (lll)-ha might potential-
ly have been a f ac to r  but was not observed her for Ge(lOO)—Cs .

All  of the  o the r  f a c t o r s  affectio n the c o v er an e  measuremen t
involve the arrival or ejection of particles ( n e u t r a l  or cha rged )
o tn e - r than  the inc iden t  ces ium ions. Such everts would unriear as
r rr rs in the initial assumption of proportionality between inte—
:ated charge arid actual coverage .

The most important of these events would be the evolution
of n e u t r a l  ce s ium atoms away f r o m  the sample  d u r i ng  d e p o s i t i o n .
This could occur either by s p e n t  :ind ’:o is desorp t ion  or b y sputter—
inn by the’ incident ions. The forme r is t h e  bas i s  of the c o n c e pt
of st ic kin g probability -md is discussed in some detail in sec.
I V .  3. b. The outcome of t h i s  d i s c u s s i o n  is that the- s t : i c k i ng
probabilit y most likely does r io t  de v i a te  f r o m  u n i t y  until the notice-
a b l y  r a p i d  chan c i ’ a t  coverage .s a t , t i r a t  ion (n e a r  1 n o n ( l a y e r )  Dc—
sorption by spil tering was considered insigni fica nir because the
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in c i d e n t  ion enc t :gv  (<3 cv) was much less than typical sputterirg
t h r e s h o l d s  ( > 2 0  eV)

d nj t i i c r  event which would affect the c ov er a ge  measurement is
tie cvo~ ution of neutral atoms from the ion gun by re—e-”anoration
f r om  the ion gun e le c t r o de s .  This  was measured  from time to t ime
by b i a s i ng  the t a rge t  p o s i t i v e l y  d u r in g  operat ion  to r er ie l the ionic
p or t lo n  of the ces ium beam , and then measu r ing  the work fun c t i o n
a f t e r  a per iod of t ime to de te rmine  the change in ces ium coverage .
The n e u t r a l  component was never found  to be g r e a t e r  than  1% of the
tot al  ion f l u x  and was therefore considered negligible .

Another  event  which  would a f f e c t the coverage m e a s u re m en t  is
the ejection of secondary electrons during deposition. This type
of event would cause the measure d cesium coverage to appear grea ter
than the actual coverage . Such errors were considered negligible
on the basis of the secondary electron emission coefficients report--
ed by Hagstrum.2°

Molecular depo sit ion

The molecular cesium source consisted of a bulk  source and
heater as shown in the lower portion of Fig. 6. The cesium was
admi tted to the vacuum system thro~ c~h a valve . The des ign was
s i m i l a r  to t h a t  described by Kle in~

1 , with the addition of a drift
tube and mask ins ide  the vacuum sy stem to co l l ima t e  the cesium
b m : . The hea te r  was used only d u r i n g  the i n i t i a l  o ut q a s s i n q  pr o-
cess , since cesium deposi t ion occurred at  a reasonable  r a te  ( a I p r o x —
imately .01 monolayer/minute) at room temperature once the inner
surfaces of the valve and drift tube were saturated with cesium.

1. large amoun t of argon was evolved f r o m  the c e s i um  am p u l e
( 9 9 . 9 5 %  pure , A . 0 . M a c k ay )  d u r i n g  the i n i t i a l  ou tqass ing  process ,
but the argon d i m i n i s h e d  later  and was obscured by o ther  gases ,
n o t a b l y  CH~ and C2h1 6. The l a t t e r  gases were never complete ly  elimi-
nated , and small amounts were observed wheneve r the valve was
mooned , even when the cesium had not been heated. The occasional
pr e sence of t h cs~ gases in the vacuum system appeared to contra—
but:e to a buildup of carbon on those surfaces upon which APh was
I— er formed.

The molecula r source was used primarily to check on some of
the difficulties associated with the ion technique . The a b i li t y
to dopos~ t u n i f o r m l y and w i t h o u t  oxygen con t am i n a t i : . n made i t  ideal
f r  t h i s  purpose .  The molecular techni que also made it possible
to c nip : re the  r e su )t s  of the rmal  depos i t i on  w i t h  the  more e n e r g e ti c
i n n  deno~~i t i  on .  The results o~ t l ose s t u d ie s  are d e sc n ib e l in see.
I I I .  3. i .  The ch ief  d i s - i d v a r ’ t ij c  of the mo lecu l a r  depos i t i on  was
~he i n a b i l i t y  fe  measure the ces i um f l u x  or even to con t ro l  accur~~t c—
i-~ the  r u t :  of depos i t i on.

5. ~~~~~~~ A d m i s s i o n

dx ic la t i o n  of the cesiuted surface during the activation process
was a c c o m p l ish e d  by b a ck f i l l i ng  the vacuum chamber  w i t h  oxy gen  f r om
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a two—stage admiss ion system . The source was a one li ter flask
of spectrographically pure oxygen obtained from Airco. The ad—
mission was controlled by two Granville-Phillips Type C valves
and the pressure in the intermediate stage was approximately 2
Torr.

The entire gas admission system was thoroughly processed be-
fore opening the oxygen flask in order to prevent the oxygen from
being contaminated by outgassing materials. Mass spectrometer
an alysis during a typical admission indicated an oxygen purity of
approximately 80%. The other principal gases were CO , C02 ,  CU 4,
and inert species. Evidently the additional mass peaks did not
reflect the actual gas constituency , or these fore ign gases did
n - t  adsorb as readily as oxygen on the cesiated surface , since
;arhon was never observed by AES on optimized surfaces. It is
likely that the additional gases were regurg i ta ted by the ion
~-umps during oxygen admission .

6. Low Energy E lectron Diffraction

It wa s assumed at the onset of the Ge act ivation study tha t
the cesium oxide layer would be ordered and that the struc tural
qua lity of the clean Ge( l 00 ) surface and of subsequent surfaces
would he important to the ultimate performance of the cathode .
This ass~ mption was based on earlie’- results of Goldstein for
Si’~~s. e . Th is was the reason for  the incl usion of LEED and ESER
a1::c;nn the various experimental techniques. LEED (visual disp lay
rteth~~H )  was used to determine surface periodicity and symme try
and to provide a link with Goldstein ’s publi shed work on Si/Cs/0.7
l-~S1lh (00 beam intensity) was used as a quantitative gauge of struc-
tural perfection . The latter measurement is described in sec. II. 7.

- 
The LEED data was obtained with the 4 1,2-inch diameter four—

grid hemispherical LEED—Auger analyzer shown in Fig. 4. ~ci th thisappara tus it was possible to bombard the sample wi th a nearly mono—
energetic beam of low energy electrons (0—200 eV) and to selective-
ly display the elastic portion of the backscattered electrons. The
r e s u l t a n t  “ d i f f r a c t i o n  p a t t e rn ” was viewed t l r r o u r r h  the  f r o n t  window
of the vacuum system and was u s u a l l y  p h o t o g r ap h e d  to provide a pe r-
manen t  record . Patterns observed at incident c lect- ron energies of
less than  50 eV were u s u a l l y  s l i g h t l y  d i s t o r ’ t~ i I e cuu s (  of the opera-
tion of the e lec t ron  gun in the  “ r e t a r d i n g  mode ” This  method of
opera t ion  a l l owed  the gun to be op e r a t e d  at  a h i g h e r  voltage
w h i l e  m a i n t a i n i n o  a low i n c id e n t  en e i - ~-~ . Th i s  was necessary in
order  to corpens: t for  poor gur e f f ic  nc-~ at low v o l t ag ’: ( < 5 0
v o l t s )

In the  r e t a r d i n g  mode , e l ec t rons  e x i t  f r o m  the  gun  at a gr e a t e r
ene rgy  t h a n  ~n -~~ w i t h  which  t h y  e v e n t u a l l y  s t r i k e  the t a r g e t .
The d i t ~~c-r onc cr  is made up by a r e t a r d i no  vol t ’iue  ( 4 5  vol t s  in t h i n
case) app l i ed  b e t w e e n  t i e  gun and the  t a rg et . The p r o t r u d i n g
e lec t r r ‘j u n  ‘ : ‘n it ” disto r t . s t i n  n e a r l y  r a d i a l  f i e l d  s u r r o u n d i n g
the sample and a l t e r s  t i: - electron trajectories. The beams most
seve r 1 ; Of  f e :  t I  at - those  which  pa :‘i~i nearest the snou t ’ , arid the
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end result is the crowding together of those spots nearest the cen-
ter of the diffraction pattern . Although some distortion was
noticeable in all  of the photographs , the effect was never severe
enough to interfere with the identification of the beams .

The LEED display technique is most useful in detecting order-
ed surface structures and in determining the periodicity of these
structures. The technique is a relatively poor indicator of struc—
tural perfection because it is generally not very sens i t ive  to
deviations from ideal surface periodicity. Neither is it an indi-
cator of surface cleanliness , since contamina tion can exist in an
ordered fashion in almost any amount and not severely a f fec t the
normal LEED pattern . Combined with AES , howeve r , LEED is an cx-
tremely useful technique and can be used quite reliably to arrive
at a clean , well—ordered , and reproducible surface for surface
studies.

LEED is also quite useful in studies of adsorption~~
2 The

technique is especial ly  powerfu l  when combined w i t h  some soft of- ‘ quantitative measuremen t of the adsorbed species as , for  example ,
ionic deposition. It was used in conjunc tion wi th ionic cesium
deposition in the present experiment to invest igate cesium adsorp—
tion on Ge(lOO).

LEED is most h e l p f u l  in i d e n t i f y i n g  ordered adsorp t ion .  The
periodici ty of an adsorbate with respect to the substrate net ,
for example , can be ident ified by means of the extra or “fractional-
order ” beams that appear in the LEED pattern. Certain types of dis-
order are also readily identified and analyzed. A partial filling
of surface sites (with or without long—range order), for example ,
may produce streaky or enlarged beams or may alter beam intensities .
Adsorp tion into domains or “islands ” which are smaller than the
effective coherence diameter of the electron beam (100—1000 A in a
typ ica l  LEED appara tus )  wi l l  also a f f e c t  beam p r o f i l e s .  If the ad—
sorbate forms domains which  are out of phase w i t h  each o ther , some
of the d i f f r a c t i o n  beams may become s t reaky  or en larged or may
even remain dis tinct but split into multiple beams depending upon
the o r i en ta t ion  and r e g u l a r i t y  of the subdom ain  bounda r i e s .  Non-
coincidence of the adsorbate and s u b s t r a t e  ne ts  may cause satellite
peaks to occur about some of the substrate spots.

7. Elastic Specular Electron Reflectivity

Measuremen ts of elas tic specular electron reflect iv ity (ESER)
were used to supplement the struc tural information obtained from
the LEED patterns. These measurements provided a serri -~~uanti%ativees t imate  of the s t r u c t u r a l  q u a l i t y  of the  s u r f a c e .  The E~~~R d a ta
itself is very nearly the absolute 00 beam intensit-’ vs primary
energy at normal elect ron incidence , with the possible exception
of a sli ght additional smoothly—varying inelastic backcjiound . As
such , the data was found to be ext rerel’~ sensi tive to S i- :f’ice orde r .
It was possible , for  e x a m p l e , to detect quantities of ceel - i i - : as
sma ll as 0.3% of a monolayer on the clean Ge(l00) surface ‘‘a t h i n
technique . Disorder ing the surface by argon sputtering caust ’ I t i~~
clean surface peaks to disappear almost completely .
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The ESER data was obtained with a sligh tly modified version
of the i n s t rumen t  described by Zollwe c~

2 3 . The details of tire
opera tion of the present instrument have been discussed by Cordes~-9 .
The p r inc i pal feature of the Zollweg gun is the orthicon-t.yp e
deflection system which separates the incident and reflected beams .
This makes it possible to use normal electron incidence and yet
detec t the 00 beam. The Zollweg gun also utilizes an ac modulation
scheme to provide a sufficiently “monoener qotic electron beam
for good energy resolution.

The gun structure and associated circuitry are shown in Fig.
7. The gun is divided roug hly  in to  two s e c t i o n s , t h e  e l ec t ron  lens
and the collector—deflector assembly. Each section is discussed
separately below. The entire assembly is immersed in a u n i f o r m
axial magnetic field of 100 gauss produced by two 30—inch diameter
coils in the Helmholz configuration. The magnetic field not only
forms par t  of the d e f l e c t i o n  s y s te m , hut also serves to collimate
the electron beam.

The electron lens consists of a series of five circular aper-
tu res  desi gned to produce a low energy electron beam (~-.2 eV) having
a small ac component superimposed upon a larger dc component. Only
the  ac signal is detected during the reflectivity measurement.
Electrons produced at the filament are accelerated by the first
electrode (accelerator) into a retarder and energy filter con—
s i s t i ng  of three e lec t rodes .  Al l  three  e lec t rodes  are omerated
at the same dc p o t e n t i a l  but  the cen ter  electrode has an a d d i t i o n a l
.05 vol t  1 KHz n e g a t i v e — g o i n g  square  wave super imposed  upon the dc
level .  This  ac p o t e n t i a l  a l t e r n a t e l y  t r a n s m i t s  and r e f l e c t s  e lec—
trons in a narrow energy range while allowing more energetic elect-
rons to be transmitted. The final electrode accelerates the beam
into the c o l l e c t o r — d e f l e c t o r  assembly .  The ac conpoi-ient of the
emerg ing beam has an energy spread of .05 eV.

The collector—do flector assembly consists of two collector
elec t rodes  separa ted  by deflector plates , and a suppressor grid
he tween the collector and the target. The opera tion of this see—
tion can he best understood with the aid of the lower portion o~
Fig . 7, which shows the electron trajectories. The bean f i r s t
enters the deflection region through an aperture in the main col-
lector , where it encounters crossed electric and magne tic fields.
If the deflec tor voltage is adjusted p r o per ly ,  the beam is defle ct—
ed away from the gun axis just enough so that it passes through
the apertures in the second collector and suppressor. Both aper-
tures are displaced approximately 3 man from the gun axis i.n t u e
direction of deflection . After the beam leave-s t~ic d e f l e c t i o n
region it again follows the magnetic field lines because the trans-
verse electric field is zero. This all ows the beam to strike the
targe t with normal incidence .

After the beam is reflected from the: target , it follows the
m agn e t i c  f i e l d  l in e s  u n t i l  i t  reaches  t h e  d e f l e c t i o n  r eg ion , w h e r e
the transverse electric field once again deflects it away from the
p in axis. This deflection causes the beam to strike the main
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collector (Cl) rather than to pass back up the gun . E lec t rons
which are r e f l e c t e d  f rom the ma in  co l l ec to r  ai-c deflect —i to the
second co l lec to r  (C 2 )  , etc.  so t h a t  a l l  of the r e f l e c t e d  e lec t rons
are e v e n t u a l l y  co l lec ted.

When r e — e n t e r i n g  the co l lec to r  f rom the  t a r g e t  region , the
r e f l e c t e d  beam passes through a suppressor  g r id .  The po t en t i a l  of
this grid is set so that only those electrons WhiCh have been re-
flected without energy loss are able to reach the collector. The
actual adjustment during the experiment was made for minimum bach-
ground in the reflectivity curves. The total current reflected
i n to  the col lector  was also a min imum (or  very  n e a r l y  so) at  t h i s
s e t t i n g .  If  the suppressor  was made more nega t ive  than  the op t imum
value , par t  of the inc ident  beam was r e f l e c t e d  d i r ec t ly back in to
the collector without ever reaching the target. If , on the other
hand , the suppressor was made more positive , some unwanted inelastic
c u r r e n t  was r e f l e c t e d  back into the collector along with the elastic
current. This caused an undesirable increase in the background
current.

The curves obtained with the Zollweg instrument were termed
“specular ” because only the 00 or specular reflected beam is repre-
sented  in the col lector  c u r r e n t .  The o the r  d i f f r a c t e d  beams are
excluded because of the planar suppressor geometry. This type of
geometry a l lows only  those e lec t rons  h a v i n g  s u f f i c i e n t  ve loci ty
normal to the t a rge t  su r f ace  to a c t u a l l y  p e n e t r a t e  the  suppressor
grid and reach the co l lec tor .  C o n s e q u e n t l y ,  even elastic electrons
which are scattered at angles greater than some critical ang le
measured with respect to the surface normal are excluded. In the
present experiment this critical angle was less than 5° for primary
energ ies  g rea t e r  than  app rox ima te ly  10 eV. The excluded e l ec t rons
include a major portion of the elastic current and all of the non-
specular diffracted beams .

The useful (or 1 KHz) portion of the collector signal was de—
t e ’cted  by a f r e q u e n c y  se lect ive amp l i f i e r  ( El e c t r o n i c s , ~1iss iles ,
and Communications , Inc ., Mode l RJB) . The output of the amp lifier
was connected to the ‘ f— a x i s  of an X —Y recorder , and the t a rge t
voltage was applied to the X—axis (Fi g. 7)  . The X axis zero was
adj i sted so that the rapid change in reflection coefficient occurred
at the zero of kinetic energy . The recorder plotted the ref lec t ion
coefficient directly because the total beam current remained con—
stant over the range of target voltages used.

The energy resolution of the instrument was limited by the
energy spread of the electron beam. This was measured as < .10eV
f r o m  t he  width of the electron r e f l e c t i v i t y  da ta  near  zero k i n e t i c
energy . The s p a t i a l  r e so lu t ion  was l im i t ed  by the d i ame te r  of the
electron beam and was estimated to be -.1.5 mm from the d e f l e c t i o n
characteristics. The filament was always operated at a dc emission
current of h a .  A major portion of this current actuall y reached
the target because of the magnetic collimation of the beam.

Because of the constan t current feature of the electron gun ,
ESER data obtained from a given surface was ex t r e m e ly  reproducible.
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The data was also not a strong function of sample position. Peak
magni tudes  could be reproduced to w i t h i n  3% and energy positions
to within 1%. Peak magnitudes Were typically used to gauge the
s t r u c t u r a l  q u a l i t y  of a p a r t i c u l a r  s u rf a c e  or to compare several
sur faces  d i f f e r i n g  sligh t l y  in fo rma t ion  or i n i t i a l  p r e p a r a t i o n .
The value of th is  procedure was enhanced by the extreme sensitivity
of the data to structural changes. The ESER data also served as a
valuab le “fingerprint ” technique for identifying particular sur-
faces or stages of cathode formation.

The ESER data was not conside red valuable as LEED intensity
data  because of the i n a b i l i t y  to determine the o r ig in  of the di f -
f r ac t ion  peaks from basic  p r inc ip les . This stems f rom the preva lence
of m u l t i p le sca t te r ing  among top laye r atoms in the energy range of
interest (0—2 5 eV) . If such low energy da ta were readily interpret-
able , information concerning actual atomic positions of the scat-
terers could ultimately be derived. At the present state of dif-
f r ac tion theory , this would req uire , at a m i n i m u m , da ta for severa l
diffraction beams at a number of angles of incidence and detection.

8. Wor k Func tion

Work function meas urements were used along w ith photoelec tric
measurements  to de termine  the s u r f a c e  p o t e n t i a l  at var ious  s~~ages
of ca thode formation (the surface potential here is defined as the
d i f f e r e n c e  between the Fermi level and the uppermost  va lence  band
level at the surface). The work function measurements we-re also
used as the ma j o r  indica tor of cathode pe r fo rmance . In a few in-
s tances these measur ements were also used to determine cesium
coverage when no other coverage indicator was available. This re-
quired the use of a previous calibration of work function vs. ce-
sium coverage. Examples of the use of work function for coverage
determination include measurements of deposition uniformity and
the  d e t e r m i n a t i o n  of absolute  coverage on molecularly—deposited
surfaces.

A l l  of the work f u n ct ion measurements were obta ined by means
of a r eta rdi ng poten tial technique using the Zollwecj gun described
in Sec. II. 7. The ac component of the target current was plotted
as a function of the target voltage to obtain the retarding char-
a c t e r ist i c s .  The gun p o t e n t i a l s  were the  same as for  the ESE R
measurement , but the target rather than t he  collector was connected
to the tuned filter and b en-in einr , lifier (Fig. 8). This method
proved to be very attractive in terOs of energy resolution . r

~ 1~ C
electron beam was sufficiently monoenerueti-: that the I—V character—
intics were ne~’er more t h a n  100 my. wide . This allowed work function
s h i f t s  as small  as .02eV to be -- :oin! ,:rod. The spa t ia l  r e so lu t ion
was -.1.5 mm as l i m i t ed  by the electron beam d i a m e t e r .

Since only cha nges in the work func tion o f the samp le cou ld
be measured , the retarding potential curves had to be calibrated
in o r d er  to determine abs nl iit : valr,ies. This  wa s accompl ished  by
c on i n a r in g  the  m e a su r e d  curve s w i t h  the retarding c:raracteristic
for a Ta—Cs su r f a c e , h a v i n g  f i rs t ,b, t.- ”rm ined t Ie work function of
the l a t t e r  hy p ir ’~~o - 1 , ect.ric means. The result agreed with a less
a-:~curate - tee tired using the work fu n : ’t  eu 0 the :i- ,~ l d — n l a t c d  r e - t i t l i n g

- - 
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e lec t r o d e  (zero of kine tic energy for those elec trons that prov ide
the ac component of the beam) .

9. Pho toelectr ic Emiss ion

~1easurements of photoelectric emission were used in conjunc-
tion with work function determinations to characterize the Ge/Cs/0
emission processes and de te rmine  changes in s u r f a c e  po ten t ia l  as a
f u n c t i o n  of cathode fo rma t ion .  The photoelec t r ic  data was of two
types , the total photoelectric yield and the energy distribution
of photoemit ted  e lec t rons, both as f u n c t i o n s  of photon energy. The
y ie ld  measurements  were obta ined by i l l u m i n a t i n g  the samp le wi th
monochromat ic  r ad ia t ion  of known wavelength  and i n t ens i ty, and
measu r ing  the targe t current as a funct ion of the wavelength of the
radiation. The energy distr ibution measurements were obtained by
dc—differentiating the retarding potential characteristic between
the sample and a cyl indr ical col lector at var ious  photon energ ies .
The photoemiss ion appara tus  is described b r i e f l y  below .

The optical system used for all of the photoelectric measure-
ments is shown in Fig. 9. The system was designed and built by
Riach and has been discussed in considerable detail in ref. 14.
The pr imary  fea ture of the sys tem is its h igh spectral purity ,  which
was considered necessary in order to obta in  r e l i ab le  data  in regions
of r e l a t ive ly  low yield. The high spectral purity was achieved by
using a Bausch and Lomb model 33— 8h—25 high intensity grating mono—
chromator in series with a Bausch and Lomb 33—8 6-40 250 mm focal
length grating monochromator. Filters were inserted near the
output in order to eliminate higher order dispersions and further
reduce the scat tered l i gh t  con t en t .

The light source used with the optical system was a 150 watt
xenon arc lamp obtained from Engelhard Ilanovia , Inc., chosen be-
cau se of its smooth h i g h intensity spectral output (except for
several l ines between 1.0 and 1.5 eV) . du a r t z  beam sp l i t t e r s  at
the monochromator  ou tpu t  were used to r e f l e c t  a smal l  por t ion  of
the light to either of two photocells for intensity measurement.
An RCA type 917 photoce l l  was used for  photon energ ies  in the range
1.2 to 3.1 eV and an RCA type 935 pho toce l l  was used in the range
above 3.1 eV . The op t ica l  sys tem was c a l i b r a t e d  w i t h  a vacuum
thermop ile (Epply 4100) which had (C-(3l) obtained from the National
Bureau of Standards.

Before the final photoelectric measurements were taken , the
917 photocel l  had to  be r e c a l i b r a t e d  because of a s l igh t  increase
(as much as 80~. at one point) in the photocell output. The
er ror  was apparen tly caused by a change in the position of the photo-
cell with respect to the incident light. The recalibration was
accompl ished by compar ing  the y ie ld  da ta  f r o m  a s table  u n i f o r m
Ge/Cs/0 surface to that obtained with a more recently calibrated
o u - t i cal system. Because of the intermediate step associated w i t h
t h e  r e c a l i b r a t i o n, yield measurements were expected to be within
20% of absolute instead of the 5% fi rri re quoted by Riach. The
20% uncertainty was rot expected to a f f e c t  any of t h e  photoelectric
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threshold val ues , since th ese were de term ined f r om the extrapola-
tion of pho tocur ren t  data rang ing over several orders  of m a g n i t u d e
wi thin a small range of photon energies.

The range  of pho ton energ ies used in the expe r imen t  was 1.2 eV
to 3.5 eV. The low energy constraint was the response limitation
of the 917 photocell. The high energy constraint was the trans-
parency cuto f f  of the viewpor t (Corning 7056 glass ) which occurred
near 4 eV. The high energy l imi ta tion made it impossible to obtai n
any clean s u r f a c e  photoe lec t r ic  da ta .  A decision was made not  to
rep lace the viewport with  an ul traviolet window be cause the in ter est
was primari ly in the pho toelectr ic threshold data f rom bo~- work
function s u r f a c e s .  The photoelectr ic  resul ts  of Jeanes and - lu la r i e 18
were used for the clean and partially—cesiated surfaces. In the
himi tad energy range of the data of the experiment , the optical
system was found to have an energy accuracy of ±.0l5 eV and an
energy bandwidth of about .04 eV.

The cylindrical collector used for collection and energy ana lysis
of the photoelectrons is shown in Fig. 10. The desi gn is nea r ly
identical to that described by Riach . The collector , along wi th
the electronic system used for the dc dif f e r e n tiation , are discussed
in considerable detail in ref. 14. Briefly, the energy d i s t r i b u t i o n
curves (EDC ’s) were obtained by measuring the derivative of the re-
tarding potential characteristic between the sample and the cylin-
dr ical collector. This was accomp l i shed by app lying a retardi
ramp voltage to the collector (.02 volts/sec) and simultaneously
time—differentiating the sample current. Spherical collector geom-
etry (for radial electron trajectories) was not necessary because
of the enclosed collector. The photoelectrons could traverse t I r e
inner region a number of times until they approached t h e  ccl. ector
surface along field lines.

The e f f e ct of the non ide al collector geomet ry  was probabl y only
to skew the energy distributions toward slightly lower ener:ies.
The skewing was considered neg l ig ib l e  in the presen t  e x p e r i m e n t
(or at least the same for similar retarding voltages) so that EDC ’s
for the various low work function surfaces were compared with con-
fidence . The resolution of the collector was found to be better
than .15 eV by comparing the width of an EDC from a cesiated tantalum
sample with the va lue  hv-~~, whe re the photon energy  hv was chosen
near the photothreshold energy and the work function :: was determined
f rom a F o w ler — N o r d h e im  plot of the photoelectric yield.

The photoelectric yield curves in the present e x p e r i m e n t  were
used chiefly to determine photoelectric thresholds. The thresholds ,
in turn , were compared with work functions to determine surface
p o t e n t i a l s .  This a ided in the f o r m u l a t i o n  of the de/ Cs/ 0  e l e c t r on i c
model.  The pho toe lec t r i c  y i e l d  curves  were also used to c a l c u l a t e
whi te light sensitivity (sec. III. 3. e). The resulting number was
used to indicate cathode perforcaec , although more of ten the yield
at a particular photon energy was used for that purpose.

The photoele ctron energy dist r i l - ri tion curves (EDC ’s) were used
to identif y the various emission processes contributing to the yield.
They were particularl y useful in sepa rati ng sur fa ce s tate from
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valence band emission and for determining relative charges in hand—
bending as a function of cathode formation. The EDC ’s were vir-
tually noise—free because of the high signal levels t yp i c a l l y
enc ountered . They were also ex t r eme ly  r ep roducib l e  fo r  a g iven
surface .
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III. RFFYLPS

1. Samnle Preparation

An intrinsic samnla (10 ~c n — t ’ p’ - : r t :d  ned) was chosen for
the - ‘e -Cu/O study so thrt i-he electron enecgv bands ~-:ould be
essenti :lly “fla t ’ over the region of photoelectron escape . This
ensured  tha t  the pho toe lec t r i c  da ta  would r e f l e c t  u n a m b i g u o u s l y
the position of the energy bands at the samp le surface. It also
ensured that emission from occupied surface states ly ing in the band—
gao could be distinguished from valence band eniissior•.

‘She- g e r m a n i u m  samples used in the exper iment  were o r ien ted  by
the opt ica l  re f lec togram technique 24 and were cut to w i t h i n  1° of
the (100) surface. The working faces were made 0.707 X 0.707 cm
and were mechan ica l l y  polished to an op t i ca l l y  f l a t  m i r r o r  f i n i s h ,
- -rding with .05k. alumina abrasive . The polished samples were de—
greased either by ultrasonic cleaning in methanol or by boiling in
t r i c hlo r o e t h y l e n e  and then r i n s i n g  in acetone and de ionized  water .
The latter process left a considerable amount of carbon on the sur-
face as determined by AES. Prior to insertion into vacuum the sam—
l en-  w e r e  dipped several  t imes into concent ra ted  h y d r o f l u o r i c  acid
tm - - r ove the s u r f a c e  oxide and the accompany ing damaged layer  due
to me- - i r a r a i c a l  po l i sh ing . Each HF di p was fo l lowed by a r inse  in
d e i o n i z e d  w a t e r .

~~~‘uurn processing consisted of a series of sputter—anneal treat—
meri t s sufficient to remove s u r f a c e  c o n t a m i n a t i o n  and s t r u c t u r a l
J o e — : e  in . The main  process ing  ob jec t ive  was the e l i m i n a t i o n  of sur—
f ace - : -L sm i n a t i o n  as d e t e r m i n e d  by AES . In a d d i t i o n  to the spu t te r—
ann e a l  t r e a t m e n t s, a long term o u t ga s s i nq  of the sample and holder
was also pe r fo rmed  ea r ly  in the c l e a n i n g  process.  The ou tgas s ing
tempera tu re  was 9 5 0 ° C  ( the sample reached only 550° C) and the  time
a i p r o x i r - nate ly  30 hours .

A typical sputter treatment consisted of removing several
hundred atom layers of germanium using 100—200 eV argon ions ,
w h i l e  an anneal treatment consisted of raising the sample  t empera tu re
to at least 550°C for approximately 15 minutes. Two or three such
cycles were usually sufficient to reduce the level of surface con—
t-eoinati on to near the limit of detectability by AES. This amounted
to less than 5% of a monolayer of foreign atoms (< 2Tm C , <l~~m Ta ,
< 2 0 a  o t h e r ),  and was s u f f i c i e n t  to make a l l  of the e l e c t r i c a l  and
s t r u ct u r a l  measu remen t s  reproduc ib le  to w i t h i n  e x p e r i m e n t a l  error .

Once the g e r ma n i u m  samp le was sufficiently free of surface con—
t- r u r i i n a t i o n , t h i s  c o nd i t i o n  was r a t h e r  e a s i ly m a i n t a i n e d .  The chem-
i c a l  c o m p o s i t i o n  of thc  s u r f- i c e , the work f u n ct ion , the LEED pat—
t er n , and the riSER da ta remained unchanged for periods of several
da-e s in - o e - I - t - i . Occas i r :n a l l v  the sample  had to he r e s p u t t e r e d  and
an n e a led  to rid the surface of m i n u t e  iuant ities of carbon . The
ca r bon  w e . : i i  but t_ i up o’er a p - n od of t i m e  due to crac l-:ing of id—
r o m P e d  U :ek r r o u r i 1  ri sos by t Ii high ene i- c’ electron beam used for
AIdC . To o r r ; r r -  the r e r r i e> v a l  of the- carbon , 50 to 100 atom lrivers
of r ’ ’ r i r a n  i urn wa s ~~~ i c r il ly  r e n i r o e l
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Dur ing  the course of the expe r imen t  the  sample was choc~~
routinely with ESER to detect chemical and structural v a r i a t ion s
occurring on the clean surface. The magnitude of tloe d iffractio :
peaks in the clean surface ESER data proved to be a i- cli a~~le m-an ~
of de termining the effectiveness oi the anneal trreatr’: •ntr and al co

P~

of detertine’ the yresance of minute q u a n t i t i e s  of c o n ta mi n a t i o n .
The use of ESER ra ther  than AES for  r o u t i n e  e x a m i n a t i o n  a v o i d ed
f r e q u e n t  exposure of the sample to h igh  enerr ~y e l r - c i - r r n  ho b~~r - 1—
rnent an-i the attendant buildup of surface c o n ta m i n a t i o n .

Repeated Cs—0 a c t i va t ion  cycles did not have a d e t r i m e n t a l
effect upon the clean germanium surface. The cesium oxide layer
was quite easily removed by heating, and the resulting surface show—
ed no evidence of any remaining cesium or oxygen. The work function
and ESER data obtained after heating were identical within experi—
meet’3l error t-~ the data obtained after heaLing followed U7 a single
sputter—anneal treatment. Both measurements were capable of Iutoc:t-
ing less than 0.5% of a monolayer of cesium on the surface.

2. Clean Surfac-’ Characterization

The princi2al contaminant observed on the germanium sa e pi e
prior to spu t t e r i ng  was carbon.  There -r a s  ty~~i ce l l y  s uf li ci en t
a uan t ity  to complete ly  ob li t e r a t e  the gerr oiniom peaks in the Auqet
spectruri. From the size of the carbon Auger peak (C:KLL , 270 eV)
on this surface , the limit of detectability of carbon on germaniu:- r
was est enated to b r about 1% of a monolayer. The carbon ie~ el we’snever allowed to increase above 3% of a monolay er , a le e- i which
did not seriously af f e ct the ul timate Ge/Cs/U photoresponse .

A typical Auger spec trum from the clean Ge ( l O O ) s urf ace is
shown in Fig. 11. In addition to the residual carbon , a sl ight
amount of tantalum contamination (less than 2% of a monolayer) s is u
remained . Th e  t a n t a L u m  was a byproduc t  of the  sputtering process
as described in Sec. I I .  2 . The s u r f a c e  also c o nt a in e d  an undeter--
mined  but  p resumably  smal l  amount  of a rg on  ( th e  s -r -r s i t iv it - :  of OLS
to argon is not known precisely) . This small r~rUln tit y of argon ,

• also a product of the sputtering operation , could not be driven
f rom the s u r f a c e  upon hea ti n g ,  even if the s~~i ’ e .l e  was heated to
near the melting point (~~950°C) . The prestenc:- of t an rt a l a:r and are—
go~ sligh tly in excess of the minimum amounts d id  not niarkedly
affect any of the clean surface parameters. It was presumed t a t
carbon , tantalum , and argon in the norma l amo :iots did not seriously
a f f e c t  the u l t i m a t e  ( le/L’s/O ph o t o re s j er : r .

The LEED p a t t e r n  f rom the c l ean  de ( 10 0 )  sor t  ace - - a s  e ncig L o i n _ i l - -
ly sharp and ci ear , and ,~ ;-~~~hi ed I l i e  e t  onci / 2 — -n er r~ f i r ~~ t i cia

t y p i c a l  of tais surface ’ ‘ ~~° . i~d d i t i o e i i 1  st  r e a k r _ -d I -‘4—order fcature __ :
were also presen t  but  these  f e a t u re s  w e t ’  weak r e l a t i v e  to the ot Iir r
r e f l ec t~ ens except ~it low energ ies .  P h o to yr a : i r s  of t i i i ’  LEFID :-att r n
at 21 e’T and eV i - i c id en t  e l ec t ron  e r i e r l  

- 
are  hewn ii’ F i g .  12. ‘6Tha pat  cm :~~ i~~ i t  rca] t t h ak  o1 s e r ’ e - i  Lv hau ler and 1o’ rIsen

except , 7e 1h -p .; , for  m - r -  s - a  p ’ y ~e- olv ~ 1 1/2 1 2 g - - ~ - . I S

t ander  a n i  ~lor r i  son , the  1/ 4— c rd r st  r e  coo Ic] no t  h O  resolved
i n to  spots w i t  I c a re t u l  ,i in e a l i nq .
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The occo~~’anying LSL : data  fo r  LUd- clean surface n_ uwii in
F L r . 13. The data compares Favora}’l~- s- : th thar of Tin _ n - t k - - n
w i h  the same i n s t r u m e n t  on G e ( l O O ) .  The r l i f f ~-a ct i o n  peaks  in the
;-rc-sent experiment , howeve r , were about 75% larger br’c.ause of the
ab i l i ty  leo adjust for precise norma l electron i n ci d en c e .  Th~ a u nt
obvious feature in the clean surface curve is the large peak at
8.5 -V . This peak wa s  used to gauge tUe effe- :-t:v n s s  of ~~e-
eura eo l  treatment . Its magnitude relative to t i r e -  b ack  rein -i was

• reproducible to within % from n-ui: to ren.

L : t  qu i te  so r e ’omeJuc ible  was the r e f l e c t i v i t y  background it-
se l f , which increased somewha t , e spec ia l ly  in the 0 to  5 eV r a nge ,
wheneve r the surface was contaminated or i m p n o i e n l~~ annealed. At
one point in the experiment the background was quite high and vari-
able because of a leak which had developed in the vacuum system.
“Clean ” surfaces produced under these conditions vave 1nfe~~ior cc—
5_its ‘,.hen acti rated wi-tb cesium and oxygen. Surf~aces with USUR
Lata havir g b bachgne : nds and large diffraction peaks yielded
the best photoeloctr~

’ c ~ensit vit~ es upon activation .

The clean surface work function was measured usinc the retard-
ing potent ial tec hnique described in eec. TI. 8 and was found to
be constant to within + .02 eV from run to run. An absol ute value
was determined by compar ing  the re tardi ng po ten tia l curve wi th tha t
from a surface of known work function. The r e f e rence sur f ace was
la—Cs , prepared by uepositing ce.~ium to saturation (for aniforriity )
O iL a freshly cleaned tantalum sample. Oxyge~ was also gresent ~~
toe ~urface , Lurt~ er reduc ing tOe surface barrier. A yielu curve
was taken and th e  threshold r -~gi o i  fit to Fo-wler ’s28 theory of photo—
em~ ssion t O L metals. ihe fit be tween the expei,imeutal data ~nd tie
theoretical curve is shown in Fig. 14. A work function 01 l.7~ ±

.u5 eV was deter~ained which corresponded to a clean sui-face work
function of 4.69 ± .08 eV . This r e su l t  is w i t h i n  exper imen ta l
e r ror  of the value 4 . 7 5  eV ob ta ined  by Jeanes  and M u l a r i e ’8 on an
identical sample (cut from the same boule and prepared in an i d e n t i c a l
manner).

r
No photoelectric data was taken on t. he clean surface because

of the window limitation described in Sec. II. 9. Ins tead , the
photoelectric data of Jeanes and Mularie was used , which  ind icated
that t:ie Ge (lOO) surface was degenerately p—type , with little or
n- dev atiun fr~gs degeneracy throughout cesiation . Their measure—
men~,s extended to the minimum wo;k  f un c t i o n  coverage  near  .7i-: .

3. Cathode Formation Process

The Ge/Cs/U photosurface was prepared by the same two—step
process ~isc’d to acti-cate silicon to Nl -~A . Cesium was depos i ted on
the clean gerr’aniim surface until the coverage s a t u r a t e d , wneeeunon
oxygen was admitted until tnt’ Id-iotosensitivit; maximized. Typ ically
1.2m of cesium was -leposited dri rin - t the in i t ia l  c c s i a t i o n  in order
to ensure coverage saturation. Any degree of cesiation short of
saturation gave inferior results upon oxidatio r . The monochromato r
s niem was usua lly used for the l i g ht  source ‘lur i r;  np i i mj ~~a t ien
( f i n e d  to 0 . 8 2 6 i i  or 1.50 oV photon energy r , hu~ occ-rsiooally a h u n g —



sten lamp or the fluorescent room lights were used. The end results
in each case were the same .

Other methods of activation were examined besiuere’ the simple
two—stop process. ~n cas a mul~~i~ s- up process in ‘- ‘hi ch the cesium
depositions totaled one monolayer and the oxygen exposures follow-
ing the cesium depos it ions were quantit ies consis tent with unity
sticking probability. The results of this process , described in
Sec. III. 1 , ~-rere essentially the sa-’e as for the two—step  m e s s .
Otl-iei methods of activation were ~rfe2 which ~s~ aily involved heavy
oxygen exposures or Yero attempts to build up thick layers of cesium
oxide. These experimen ts are described in Sec. III. 6. None of
the latter me thods proved t~ be superior to the two-step process

— and for that reason were not examined in detail. The results given
here are for the two—step process unless otherwise in~ icate f.

a. Surface Chemical Composition

Cesiated Su r f a c e

The sources used for cesium deposi tion have been discuss ed in
• Sec. II. 4. The cesium ion gun was used in favor of the molecular

source because of the ability to measure and control the amount of
cesium deposited. One of the ;~rnblems associated with this technique
was the evolution of oxygen by the ion source dur~ no dnpns2tion .
The Oxygen problem , however , was not serio-:s , and was minimized
by operating the gun as outlined in Sec. II. 4.

‘l’he presence of oxygen on the sample was detected by means of
AES using the O:KL 2L2 transition (520 eV). The magnitude of the
oxygen Auger peak was usual ly  compared to tha t  of the nearby cesium
peak (Cs:M 5N4 5N4 ~ 

transition , 565 eV) to estirilate the amount
present. The’O/C~ ratio was typically kept below .07, a fac tor of
10 smaller than the value characteristic of the Ge/Cs/U surface.
This amount of oxygen was slight enough that the individual stages
of cesiation and oxidation were clearly differentiated in all of
the measurements.  Fur thermore , oxygen con t amina t i on  in the q u a n t i t i e s
evoi’:ed from the source had no effect on the performance of the final
s u r f a c e .  Only cesiated s u r f a c e s  were n o t i c e a b l y  a f f e c t e d .  This
matter is discussed farther in Sec. IlL 4.

A typical Auger spectrum from a fully cesiated sir~ a:-e ~-lm
ce r ium ) is shown in Fig. 15. Besides the germanium , ces ium , and
oxy gen peaks , carbon , tantalum and argon peaks are also visible.
The latter are the same peaks that were observed on the clean sur-
face (Fig. 11) but attenuated somewhat due to the presence of the
cesium overlay:’r. The germanium Auger peaks are also noticeably
-at t enua ted  f r om  t he i r  clean s u r f a c e  va lues  ( 4 0 %  a t t e n u a t i o n  for  the
85 eV p e a k ) .

A special attempt was made to examine ion—deposited surfaces
for sodium , since the cesium ion source was made from sodium zoolite
U’; an ion exchange process (Sec. II. 4). The ka:K1 2L2 transition(_ 4 ) 0  eV) was used for this nurpose. From an earlier experiment
in which 1 full monolayer of sodium was deposi ted on the sampl e,
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the S: ’f lj i~~ i ~ity of the L bU— ’ruqer analyzer to sodium was es t i ated
• to be ..5% of a monob i ’,-er. bo sodium was ever observed in the Auger

spectrum .

Cesiatud surfaces ret -n -re d by molecular adsorption , unlike
those L~repsreb by ion dup -~ - t ion , ~hcwed absolutely no evidence of
xyq~ n coatamLnetLon . ui-ri- -er , - olecularly—deposited surfaces which

bad undergone : c o n s ide r ab l e  elec tron bumuardmerrt (as a result of
AES , for cx atap l - )  e nkibited a not i ecable -amnunt n-f carbon contemina—
tion (5 to lOf of a -- ono l a ” e m )  after a period of time . The carbon
was localized f e  those areas of tb su r face  shore the electron be anr
- - ‘as i nc i d ’ ’n t  a-a d ~-; -a s t,~:11e~ - e -~ to U- : dcc to the cra k n e  of n-et aec:
-- n he s .mph. srir Thee. The methane emanated from the molecular
source durine de-p ’sitlon (Sec. II. 4). The carbon—contaminated
are rs were also deficient in cesium folluwin o ces ium s a t u r a t i o n,
indicating that the carbon probably affected cesium adsorption.
Cureo .r con e~r m i n a t e ~~n si~ not a prom ] e on molecularle-—aeposi tea ser—
taces that trad n~~t uim~erqone electron boi:i~ ard~ ent.

An at tr out .-.-as made to determine w h e t h e r  tire electron bo:-rbard—
ment durin g AbS was in any  w a r  d a m a g i n g  to the cestated s u r f a c e
other than via the hydrocarbon dissociation already discussed. A
thorough examination was made of the ALU , LEED , ib Pd~, and work
function data from both freshiy—cesiated (ion—deposited) and elect—
ron—bontharded su r f aces  for  evidence of desor rrtion or rearrangement
of the cesium layer. No changes were observed , indicating tha t
Ab S could be performed without fear oh dist u rt- ing the cesium layer.

The abi l ity to de~ emmine the actual cesium coverage on the
sanie-le was essential for -en n-eestandine the physiccl structure of
the adsorbed layer. The com ere-te m e a t t u r e :  c . t  s discussed in d ir t ril
in Secs. II. 4 and IV. 3. b. ‘the r e l a t i o n s h i p  be tween  a c ta i l  an - i
measured cesium cover-a 0e is exam: ned , alon g wi th the poss ib le errors
in lie coverage me asurerre er t itself . In- t re interest of oaring as
fe. assumptions as poss~ b 1e before’ all of t b - ’ d a t a  is n r~ sente-l ,
br’ results in this section are iiven in tent s of :ne m sered coverage

n i h  the understand i :c rh rt the- actual c v ~~ragc i- -es me -f differ
fic a n t i;  f rom the i .r ea s  red core  i -age.

As part of the effort to u r a r r e r s t a n t the- -er’ i urn edsorn-tion
process , coverage saturation was investigated be :::~~ ns of Al]S.
The implication of earlier work by I’d-b r and Peria en the Ge (100)—Cs
system was t h a t  s a t u r a t i o n  occurre- 1 at  the w o rk  f u n c t  ot:  minimum
near .7m coverage. The present Auger data a l so  demoun-trateb t he
existence of a coverage sa turation , but at a point at least .2m beyond
the work function minimum coveraqr - . The s hir r  i t  ion cover-age- was
found to be stable in vacuum , even t~ the electron b-othe r-intent of
the Auger beam (2000 cv , 50 - a , 1 to 2 miii die i m r t -  r)

The Auger data indicating cesium satural ru n is shown in Fig. lb .
The magnitudes of the Ge r~l-) ~ -L~V (85 cv) and Cs:’1~~-.4 -) d~ 5 (5bU cv)
peaks are plotted as a func ( ion of c e s i um  coverage .  ‘ i i i ,  ‘other ge r-
manium and cesium peaks behaved similarly. The larg e peaks b e t w e e n
45 and 50 eV were not chosen because of tire coinci rli -n: ’ - of the ger-
m a n i u m  and cesium p e i k n  there . The c r i r r ’ c s in  I ’ ] - ; .  l i  e x h ib i t  i

2 2  
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linear or nearly linear relationship b e t - .-. - - i n  bu-jer e rb- . he ight  and
cesium coverage in the region :ielow . Sm , i t ~~ h a n-inst :.t ::-~~ nit u:-
beyond . These r e s u l t s  c i - : ar l y i nd i ca t e  a co’:- ra ;c sat ri rat ion.
Since Auger electrons typic ally originate f r o n t  several atom l e e rs
deep,  the peaks would certainly have c on t i e -i u n - d  to eh ie t- with c - 5 j  a—
tion had the coverage not saturated.

In order to ensure good co v e ’r i - -~ u n i r u r t i r t y  in tb-c s a t u r a t i o n
experiment , the’ cesium was deposi tot rising ttte molecular soirrc
Surfaces deposited in this manner were found to L i-:  u n i f o rm  to wittin
the l imi t of d e t e c t a b i l i t y  by ASS , independent of the he ree of
ce:siation. The only exception was the: areas of the sample  that had
undergone previous electron bombardt’: -nt , which w- re ca rbon—cont a :- :—
m aIn-h and deficient in cesium (Sec. III. 3. a). This  is t i r - r e a s o n
that the cesium i u g -r  -ueak hei ghts at 1.1k and l .3lma in Fig. 1k are
smaller than at .93 n-rid 1. 15 m. The latter two p o i n t s  ‘-ron: also
slinti ti ; affected causing saturation to occur at a loser measured
coverage than usual.

The coverage sceile in Fig. 16 was deduced with Li i : aid of tb
w or - r  function data which was taken  c o n c u r ren t l y  with tb: Auger data.
Cov or e r : n va l ues w e re  determined first in a relative sense from t he
exposure t ime  to the source , asstiri inn a consi olt dem os i t i o : r  rate.
Then a po in t  n - c - a r  the low cove-re- jo s h i t  of the w o r k  f : i n - tr ion rat - : lou:;
was i d e n t i f i e d  irs to coverage u s in g  the w o r k  function vs. c o v e r a ge
data  ob t a i ne d w i t h  the ion source .  This po in t , near  . 55m , was  the
hi-dies  I of t a r -  cove rage- s  s t i l l  e as i l y  i d e nt i f i ed  by -sork f u n c t i on .
i t t - c  n -usc-  the coverage sets d er h i c e a  in t h i s  f a s h i o n , hi t - - n - r i t a  of i’ i g.  1k
is s u bj e c t  to the  same e r r o r s  as the-  ion source  data.

It  is ira~ ortant to not -c that the 5 ( 5  H! ces ium A u g e r  peak
(I I :. 16) is !U~ l a r g e r  at s a t u r a t i o n  than  at the coverage ~nr-rres—

i i  a- to the wq~~k f u r : ; I ion : 1  t i  r i - o t t .  This result c l e a rl y  r e f u t e s
e a r l i e r  ccvi i-  n c -e - -~ L b  it  coverage  s a t u r a t i o n  f o r  Ge ( 10 0 )  — Cs occurs
at the w o rk  f u n c t i o n  m i n i m u m . T h i s  conc lus ion  is su b s t a n t i a t ed  b’S ’
measur e - f - i -n - ; :  Is of w o rk  function , Est: ’ - , t n - I photosensit I v i  Lv (Secs.
III. 3. c , III. 3. d , III. 3. e, and III. 3. 4).

O p t i m i z e d  Surfac:-

The ox id i zed  (or o p - t i m m n - e d )  su r f a c e  ‘- - a s  also e-:-:amin- -h with - C S .
A typ ica l  n - c t  rum is sh e- -n in F’iq . 17 . Ait ain thi i n i t ia l  ca rbon

• t i ’ :  t i  J i m , and a r- on r~~’ak s are a t ten :  i t : - ~ r Li’ the  or- - lv i n  it sti r free
l aye r .  Comparison w i t h  l-’i - 1 .  15 1 : rd ic -at - . : t h a t  no ~t i t i t  i coal  c a r l a ::
accumula t e - cl t u r i n ;  o: -:i-ia t i o n  ev e -n  t h o u g h  smal l  r i t e - a n t s  of CO , Cb-
and C} 1~ were observer l  a l o ne  w i t h  L i t  o:-:v t - c r ;  r e t  t i  t I: rn -eisa s r ’ec t  r -

met e r .  This was t a ken  as ade’ : a t -  p roo f  t h a t  t b -  o > : i O a t  on ~-r o’ sr
was s a t i s fa c to r ’- .

The t)resence of o:-:yg ’’n era l i i i ’  stir t ic-.- was  h- - - ‘t n t  Ut ’  means  of
t he  0: KLL An ger peak 1 520 CV . For 2000 eV C X C  it  ing i~ ~ t i i f lS

th magnit ri-:- of the oxygen po r n -  was 9.7 .1 i- hen c r ~~~~ t r e d  i
neighboring C:; :‘i~ N 1 - -~ peak. The - i n - - i t  t of ox ’ gen  Cor ! ’ i ’s; et; t I f l :

to tb-s ratro ‘ 5 1 5  - c - ‘- -rn precisel y, i t t in ItiS ) lat ~ i i d- c. Ill. 3.b)

L _ _ 
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suggested some m u l t i ple of o n e — h a l f  monolaye r in the o p t i m i z e d
l a y e r .  An oxygen exposure of approximate ly . 0 2  L a n g m u i r  was cal~

- 
- cu la t ed  f rom the press ure indica ted by the ion pump, but  the latter

was pro bably low (perhaps  by a factor of 100) because of the relative
posi tions of the pumps , gas in let, and sample. The 0/Cs ratio was

~ roug hl y ha l f  tha t  observed on a su r f ace  tha t  had been d e l i b e - r - r t r - l r
- • exposed to an excess of oxy gen (f actor of 1000 grea te r  than t ha t

needed for  o p t i m i z a t i o n ) .

It is i n t e r e s t i n g  to note tha t  the C s :M 4 , 5N 4 , 5 N 4 , 5 ( 5 6 5 , 580 eV)
Auger peaks underwen t about a 15% increase in s ize  upon ox ida t ion .
This can be seen from a comparison of the Auger spectra of Figs. 15
and 17 , which  were recorded at iden t i ca l  s e n s i t i v i t i e s .  The increase
probably represents  an increase  in the b a c k s c a t t e r i n g  of the cesium
Auger e lec t rons  due to the presence of the oxygen.  A s i m i l a r  in-
crease was observed by Golds tein7 for  Si/Cs/ 0 which  Levine6 used to
suppor t his contention that the oxy gen atoms occup ied sites phr’a—
ically beneath the cesium layer. A similar conclusion may be

• ‘ appl icable  to ge rman ium.

AES al so indi cated tha t the op tim ized sur f ace was ex tremely
u n i f o r m  in cesium and oxygen content. No var iat ion was observed
ove r the su r f ace  to w i t h i n  the l i m i t s  of r e p r o d u c i b i l i t y  of th
m e a s u r e m e n t .

U n l i k e  the Ge/Cs s u r f a c e  ( i o n — d e p o s i t e d) ,  the Ge/Cs/0 s u r f a c e
was somewhat  a f f e c t e d  by the e lectron beam used fo r  ASS ( 2 0 0 0  eV ,
50 i a ) .  The changes  tha t  took place were s l i g h t , howeve r , s ince
rAte ’ pho toe l ec t r i c  p roper t i e s  of the cathode we re h a r d l y  a f f e c t s - I
during the course of a normal measurement. Work function , APS ,
and ESER indicated some slight desorption of the oxygen without
an~’ accompanying  d i s r u p t i o n  of the ces ium l a y e r .  The a b i l i t:  of
the  s u r f a c e  to readsorb oxygen at the appropriate sites was not
impa i red .

b. Low Energy Electron Diffraction

• LEED was used to examine the two—dimensional str ec tu t al period—
i c i t y  of the cathode s u r f a c e . I3oth the ce-si  i i i : i t i -  i t b  - Otn-vgefl i-: - re
observed to adsorb in an o r der e d  f a s h i o n  o n to  spoci t ic sites on
the lJc- rntaniunl surface- . This is demonstrate d by It- - I , i ; 1 : D  pho tographs
in F ig .  18 taken at 19 CV i n ci de n t  e l ec t ron  oiLe rer . The ar t-er p h i t e —
;r a p t ; is f r o m  a typ ical f u l l y  c e s i a ti -d s u r f a c e  an d  t r i  lowe r :-i:e te —

- i r i p h is f rom the c o r r e s p o n d i n g  optimized surface . The -tb p a t t e r n s
e x h ib i t  s t r o n g  2x 1 d i f f r a c t i o n , i nd i ca t i n g  t h a t  t~~, ad sort- ion oc c u r s
w i l l  II ; - sane p e r i o d i c i ty  as the clean g e r m a n i u m  s u r fa c e .  The re -  a re
no obvious ‘ - :-:tra ” f - a t t i r e s  in Li ; r ~ pa t  t er n s  w h i c h  would  s ue - r e s t  a
n - a r t i - t l  f i l l i n g  of s i tes  or the  e x i s t - - n i ’ - o f  sort - o t h e r  t yp e  of
n - t r ’ i c t u ra l  i m i w ’r f -c L i o n .  Tire - s e -  L t : h D  r e ’ : ; : il t s  , tr  - i d e n t  i ccl t o  t h e i s t
abs-r eed by G o l d s t e i n 7 f o r  S i  Cc ; and Si/ C s/ 0 .

LE ED 4 l t ;  also tnmecl to c -sem i me- t t i e -  m i n i - - r i - I - t i l t - c  i c on :  W h i c h
icc i n i , ’c l - h i r i n g  cat!; f i r  i t  ion . The t i -clin t 1:1 proved ~ be

• ‘s l i c i r il’! sr~- : sj tj v ’ - i n t u e  low co’ e i- :r ’ ;e  r e ’i i o n  d u r i n g  c e si at i o n ,
an d  f o r  t i t  it r isen y i e l d e d l i i - most i n i i - r m a t  ion - - re . Changes

24

— - — - - - ---- — — — •. —



w h i c h  occur red  in the  LEED pattern  a t hig he r ces ium coverages irflet
during oxidation w e r e  less dramatic.

The LEED result;; in the low coverage region are summarized in
F ig .  19 . The LEED pattern is shown there as a function of cesi-u::
coverage with the incident energy adjusted in each case to accent-n -ate-
the “extra ” fea tures. In the 0 to .l5m range the clean surface
1/4—order features becorie increasingly diffuse while enlarged 4x3
f e a t u r e s  begin  to appear .  The 4x3  p a t t e r n  is q u i t e  complex because
the re  are two possible mut u a l l y p e r p e n d i c u l a r  o r i e n t a t i o n s  of 4 x 3
domains  on the s u r fa c e .  Between .15 and .3m the 4 :-: 3 f e a t u r e s
gradually give way to sharp 2x3 reflections. The latter disappear
be tween .3 and .5m as the final 2x1 features become dominant. Some
weak i n t e r ven i n g  1/4—order  f e a t u r e s  are v i s ib le  in the .33rn
photograph .

At coverages beyond . 5 m  the LEED technique was relatively in
sens i t i ve  to cesium a d s o r p t i o n .  The 2x 1 r e f l e c t i o n s  pers is ted  in
th is reg ion , and no distinct changes occurred other than s l i g h t
variations in the intensities of the 1/2—order spots and the back-
ground . In some of the later LEED data (second sample) , extremely
weak 1/2 1/2 spots were visible on the fully—cesiated surface in-
dicating possible vacancies in the 2x1 net.

The only change which occurred in the LEED p a t t e r n  d u r i n g
oxidation was the strengthening of the 1/2—order reflections relative
to the integer—order spots. The diffraction pattern from the op-
timized surface was always noticeably more intense and sharp .

c. Elastic Specular Electron Reflectivity

The existence of strong diffraction peaks in the ESER date
throughout cathode formation provided additional proof that t i e
cesium and oxygen adsorbed in an ordered fashion. The curves ob-
tained from the fully cesiated and optimized surfaces are shown in
Fig. 13 along with the data from the clean surface . The peaks
there represent only the 00 beam intensity variation since t I ; - other
diffraction beams are excluded I-; the planar suppressor -t ~’o r - e t r y .
There is also a possibility that some of the low energy 

~~
, ribs may

be due to surface state resonances 30 . The S i i O l l t l t i \ ’ — V i r a t  a :  bacb gr uni n ni
present in all of the curves is most likely drie - t~~ t h e  n a l il i t ;
of the suppressor grid to eliminate completely the i ne la s t i c al l ’ j
scattered portion of the electron bear).

liii repr -siuci b i lity ot the ESER dat i f r o m  re::  t o  n u t  f o r  - r
gi’,’ori surface: was gen rally quite ; good . This  was c - c l  c i r l l y  I r s -
for the clean sur ice , t i-ut : f u l ly - c e s i a t e d  s u r f a c e , and t h e  opt imized
Su t o :- since these surfaces wi re- u n i f o r m  a n d  well—defi ne-it . T h e
reproduc u hu lit : : from sample to sa- .:,le was somewhat less satist ictory.
The e-~~ ma~~n it ude s  were much t b - -  t ame but  the  b a c k -~ r o u r r is di f f e r e t
si i- hIl i’ , es~~:ciall y in t h e low or r gy  r eg i o n .  The conditions Ca in—
in j rF i i  t i  i r ig  Uu c ; k - ; r i t u u : ~~s d id  tot shoW up in any of Lie: other
ci  - - - i: :; it face rn - t - - r ; ; i r , - n e - r , t ; :  , and no de fi ni Is - c o n nec t i o n  could be
esteb l i abed between i t  - u n - a g n i  L i i i ’ - of t h e  back grou nd ari d success oh
the - i d  1 -- -ition. Since’ these factors seer-ic-h to li e i at to an a 1’ ’

~~r r r t u ;
f t - c t  r a t h e r t b i t t  to an actua l sa t  ace c o n d i ti o n , the oper i t i t  a

at l i i ’ -  SSER i n s t  r : n i - n t  wa s  : : - n t t ; n m : u e - 1 cl ear - I’- . he ,Lit l mrs d i f f i c u l t  it ;;;

_ _ _ _ _  _ _ _ _ _
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w er e  f oon d , but the p o s s i b i l i t y  of an a p p a r a t u s  e f f e c t  was not
• entirely discounted. In any case , the differing backgrounds were

not considered a serious problem because successful activation
Cl leared to depend upon the magnitude of the diffraction oaks rel—
a tive to the background rather than on the ba ck g rou nd magni tude
itself.

It was evident throughout the course of the experiment that the
ESER data was sensitive to even very minute structural changes on
the ~~thode surface. The same sensitivity has been observed by

~~ Chen / for several other germanium—alkali systems. An examp le of
this sensitivity is shown in Fig. 20. The clean surface curve is
ri le-tIed in that figure along with the data from the same surface
covered with only .003m of cesium . The effect of this slight amount
of cesium on the electron reflectivity is easily discernible. The
same type of data was used to illustrate the ability of simple
heating to restore the clean germanium surface following Cs—0 act—
i—-a tion. The e lec t ron  r e f l e c t i v i t y  curves were i den t i ca l  whethe r
S b -  s u r f a c e  was only  heated or whe the r  the s u r f a c e  i--as h ea t ed  and
then spu t t e r ed  and annea led .

Other  examples  of the s t r u c t u ra l  s e n s i t i v i t y  of the ESER
d at a  are d i scussed  in f u t u r e  s ec t i ons .  In the paragraphs i m m e d i a t e l y
following, ESER is examined as a function of cathode formation. The
:es a t - i o n  process is examined f i r s t , fo l lowed  by the ox ida t ion  pro—
i--a s . The data serves mainly as a basis for identifying and com—

r n- I surfaces , and is especia l l y  helpful in later experiments in—
v e l v l n: i  abnormalities in cathode formation (Sec. III. 5). The
love : - e a t  of the  diffraction p e ak s  d u r i n g  ca thode  f o r m a t i o n  is
a l- ;- : help ful in understanding the adsorption processes.

The ES i-~R d a ta is shown first as a function of cesium coverage
(Fig .  21). The :aumt :- -r s  near  t he cu rves  r e f e r  to the measured

; : - - : i U r i i  coverage-  ( in  m o n o lay e r s ) .  On the left are those curves in
the interval 0 > ‘~ > .5m , w h i l e  on the r i g h t  are the  curves  for
3 -‘ . u t n . ii nly the 0—25 eV r an g e  is shown because most of the inter—

- - s t  m g  st rite t a r -  i t - n - a r e - n h  t her e .

The ESER h-ate i n  t h e  0 to . hut i - t a g -- is c h a r a c t e r i z e d  by the-
n - r a d ial r i t a - a t :  -i-arance nf ti ; c le a n  c a r t - i c e - T o  ~~~ A at 8.5 CV a n c u
t i ~- - a pp e a r a n c e  and sloe ly gr o w t h  - a5 h ’ - ~~~o a :  B be tween 15 and 20 eT.
The serious orde-re’- I st r ridt:i r - ;u obsc ’r’’- ai ret h LEED in this coverage
~~1 t ; - t  are to~ different 1 : 1 - -  in tlie ’ r :irves , e n  sting that T-5kk
was pc-tie r-al lv n o t  sensi live t o  the l a t  - r a l  ce - aj a r - i — c e s i u m  spac ings .
‘th e r eg i o n  beyond . Sm is c har a c t -  - n e -  - 1 by it; - r at h e r  sudden c :np; ar—
en ’- - oil t b -  - r o n - k  C at 11’ i - V  a n - i  tb- doab l e  peak D nea r  3 c-V These

n - i i ri~ -L rh -tn t ’s n-n-a r at .i -a :-:- - ra i l - d e ft  ni t - - I’: less t h e n  the work
- t i ne -I ion m jn ir -t ci rn itth cetin cid- - w i t h  a m a l-’nr - ‘ b i n - r e  in  t h e  e f f e c t  of

Cxi I ii i : T s o t -p t i  en n i t ;  t i o -  w o r k  lu: ;i ’l  ion ( S C e ’ . 11 1. -1 )  . The ESER
i’ ~i t arcs r - ;I ; t inan t - - gr ow  w i t h  ann - i u n  - ‘- ‘‘ ‘ - -r i : - - antil t h ey  stabilize

rn -ar •~~~‘
; - - . The s t n - i , i l i z  it ion i s i i ; - - : : t  - j r;dini t - coverage satura-

t i o n  sI nce the .~~ t - t  ~‘e1t~ ~1 t r e es w i t  i i i ’;  -xperit’ientel error with the
satur at ion r’’v eraip- d - t  -rc:ined by abS (Sec. III . 3. a) . Ad d r I ional
ten i - i t  i o n  r e s u lt s  ot t l i ’  t r i  a 5 i i - ~ i t t  ~ -~~- - ] - l o rr 1 t ion in D, pr oIc ab i ~, ’

t i n  t; f~ o : - t v r - -n  con i t :  i n  i t  r e q  t i ” ~ t 5 -  i o n  goitre ’- . 

_ i:_ _
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In spite of the oxygen and uniformity problems associated w i t h
the ion source , the curves of Fig. 21 are felt to :icc-aretely re~ —
resent the electron reflectivity variation as a function of cesium
coverage. Fully cesiated surfaces deposited with; the molecular
source exhibited only slightly more pronounced diffraction features
(less than 5% difference) and identical work functions . The ceiver—
age scale of Fig. 21 was checked by depositing r-.’i t i- the molecular
source just beyond minimum work function on one sample : i t t d  then
measuring the electron reflectivity. The uniformity of the mol-
ecu lar source was good enough that there was no question that m m —
imum work func tion had been achieved at all points on t he  s u r f a ce : .
The electron reflectivity curve i--as nearly identical to the .7m
ion source curve of Fig. 2 1 .  J

The ESER data 9f Fig. 21 was compared to that obtained for
Ge(lOO )—Cs by Chen 2 . The da ta ma tched fav or ab l y in the low cover-
age region but peak B was considerably larger in Ct-e n ’s da ta and
continued to grow as cesium was deposited beyond 1 monolayer. The
differences were attributed to oxygen—contaminated cesium de; osit:ion
in Chen ’s case. The work function results substantiate- h this
conc lus ion .

Fig. 22 shows the changes that occur in the ESbR data during
oxida tion. The numbers above the curves refer to arbitrary stages
of oxidation . The number “1 is the data from the freshly cesiate:un-
surface , and the number “7” the data from the optimized surface.
The dominant feature is the appearance and growth of the larer e p e a k
F above B. This  is accompanied by the disappe ara nce of the d o u b l e -
peak D and the growth of the peak E out of the sl;oulder at 5.5 eT .
Experiments on ptrrtially—cesiated surfaces (Sec. III. 4) show
that the magnitude of F is largely dependent upon the amount of
oxygen on the surface , and that F is indeed a separate peak rather
th an j ust an ex tens ion  of B. If an excess amount of ox y g e n  was
admitted to the surface immediately following optiraizatiott , the
magnitude of F continued to increase , even though the photoele ctric
y ie ld  had begun to decrease .  The p c -a k  tyraical lv i t ;creased by ab o u t
2 0 %  be fo re  it began to d et e r ior a t - w i t h  sn-:ut ess 0:-a-len ( st ~ - ; - s  8 — 13 )

Ti ;-~-re was also an ag ing  E n i ; o n o r m ; e  n or (n o t  f u l l y  u nd o e s  Ics - r i )
associated w i t h  t he  o x i d a t i o n  process.  Ir :h e~i : e \ r r  a s l i g h t ly  ove r—
o x i d i z e d  s n i r f : i  was a l lowed t o  s i t  fo r  s eve ra l  h o u r s , t :. - t t i - ~~
s e n s it i v i t y  ‘- ina u ld r j r ad u al l y  m e n - r i s e  ( < 1 0 % )  hey -  - t : r i  the  in iti al
‘g t  rrnt ani value . Even s u r f a c e s  th r ;  t h an -i not  been d e l i be r a t e ly over—
dosed u s u a l l y  s~;ow-:d some increase  in ;  y i e l d  w i t  It I m e , - - r n n i I  -a due
to loosel y bound ot- y rje-r ;  which was slowly incorporated i n t o  the s t i r —
face l a y e r .  Opt i m i z e d  su r f a c e t a  , in t a c t  , we re never ohs,  r n - - I  t n
decrease  in pho t  °sena i tii’i y in v - ; cu um .  In one case tb- ohserv;i —
tion time -en - s several w - - -ss.

d. Work F u n c t i o n

The work  f u n c t i o n s  of the v ar i o u s  n ’ i t n i - t o u h - s t i r  f a c e s  1 - 0- ’  h e -r i ’ d
U’s s u b t r a ct  r a g  ar - nc u r ,at e  i n e a s n i n r -r ’n et ;t s  i f  t e e r k  f ; ‘ t;  on; ‘ n i n  - - S f r :; :
the 1.7 eV c lean  s t i n t - a r c -  work f u n c t i o n . The c han ge s  or “ e n  i f t s ”
were m e r t s : i r - 1  w i t h  t : h - - apu i r i t  i s  d e s c r i h i ~ - e1 in Sec. I I .  8. Tlae w o n -n
f a n - ; t  j o t ;  c h i n - r e  w a s  c o n si st - -n t  l -  3 . 1 8  .05 eV f o r  t e n  f u L l —
ces ia ted s u r f - a c t s ’  ( -: = 1.52 r;Y) and as h i g h  en 3 . 7 6  + .01 c -V -i 



optimized surface ( - -  = . 94  cv). The latter value :, w h i c h  ~i~~s -  :. : -

upon a nu mber of f a c tors i n c l u d i ng ag ing of the surfi-:e - fol i - - -

oxid at ion , agreed guite well with th~ photoelectric t u n e - s i n a i - i  on
.96 eV observed by Caidwel l , Kalveit , and Kennedy 31 f’ : a h~~~v ;l-:
doped p— type sample.

Both the Ge/Cs and Ge/Cs/0 w o r k  f u n c t i o n s  ‘-fere u n i f o r m  to
w i t h i n  .03  eV across the samp le surface-. ‘i’ii~ - u n i f o r m i t y  teas th~
same re gardless of whether the ion source or the molecular sr,urc-~
was used for cesium deposition. In each case tire un i formity was
achieved s imp ly by depositing enough cesium to ensure < ‘overage-
saturation over the entire sample.

The 3.18 eV shift obtained for Ge/Cs was re~-roduciole to with
-t .02 cV from run to run , and stable within th e- same limits for
periods exceeding 30 hours. Occasionally, when cesium was deposi ted
beyond the satura tion coverage, the sh i f t was seve ra l  hundred ths
of an elec tron volt smaller than usual , presumably because of ft-
excess cesium. The sh i f t, howeve r , returned within minutes to tb-
3.18 eV value as the cesium was allowed to desorb .

The Ge/Cs work function was not t ;rticularly sensitive to the
a r r a n g e m e n t  of cesium on the surface. For examp le , in one ex pe r ime nt
(Sec. III. 5. c) where the freshly cesiated surface ices h e a t e d  to —100°C
and then  recesiatei to replace the small amount of cesium desorbed ,
tt;e- work function remained unchanged even though LEED and ESER
indicated there was some surface disorder.

The work function was somewhat more sensitive to surface con-
ta m i n a tion , especially to oxyget;. Oxygen—contaminated surfaces had
work f u n c t i o n s  as much as 0 . 5 5  cV lower ti; tn non—contat i tie ted sir-
La s s , de i - e n d i n g  upon the quantit ,’ of sc-togs a presen : - The 3.18 eV
he, ;s shi ft was for a rnolecularlc-—depositi-d surtec which was f re e :
of oxoejen contamination . The same v a l u e , howeve r , w a s  a c h i e v e d  on
r o n — d e p o s i t e d  s u r f a c e s , p r o v i d i n g  the source - -rae on e -rat -i c it the - n
m a n n e r  descr ibed  in S~’c. I I .  4 in r :r--ie - t o  r :j ; - . i t ’ : i ze tb - - ev o lu t i o n
of oxygen .

The Ge/ Cs -’O sur f ace- was  not q u i t  as ret re i n : ’ ;  b le  as he be Cs
s u r f a c e  i t t- i  g e n e r a l l y  r e e iu i r e e i  an ap t  net rocc-ss U~ n - n I :  wore .
f u n c t i o n  stabilized . The work function sh it ~ wris usually ~n tb
neighborhood of 3~~ ,8 eV imm edia t - ly  f o l l n ’ - ’ : i t i r o x i da t i o n  it ; l t h , :;
typ i ca l ly  increased a n o t i i - r  .05 cv - iu r i n g  t h e  r e x ’  sc’s ~l
here was a co r r e spond ing  i nc rease  i t;  the  ph- - cc le’e~ r - c y l i t  I d  e t c I

in the ESER peak F. The ag i ng p -:niortei;on has  b- -cl; d i r ’ ~‘;ssoi i t :
Sec. III. 3. c.

Un l i k e  the Ge/ Cs work t~ nc  iO L , h -  d ’ / c ’a- i i  wnik f - i n - - f  ion tee-c
extremely sensit:ive to th at  ordering of t i -  c - s l i m  l a y e r .  In  I t , -
same experiment describe d earl i c r  in th~ s ~o: i t  (also Sc - ’. III. a.
du ring which the he/Cc; surface t r i g  hi at - I slight I ,’ a n t  Ii a ne-
c-es i f  i , the f i n a l  work f u n c t i o n  a f t  e r -:’, -* iniz a ion - - i :  c~ v~-r e1
tenths of an electron volt i l l r l i ; i ’r t h a n  r e - r n - n - 1. LEED and PSi~R in—
dica ted a disruption of the norma l surf Iii oil U f .  -‘rLS revc - ,ilec i a
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d e f i c i e n c y  in oxygen , suggesting that the chemical reactivity of
the surface to oxygen had been altered.

All forms of contamination on the ini tial germanium surface
were detrimental to the Ge/Cs/0 work function. The contamination
generally caused a larger variation in the Ge/Cs/0 work function
than in the corresponding Ge/Cs work function . Initial C, Ta , and
0 c o n t a m i n a t i o n  were examined in p a r t i c u l a r .

Then change in the ~e (l00)—Cs work function (~~~ ) vs. cesium
cove r~~ e (3 ) was checked against the published data of Weber and
Peria ‘. The results are plotted in Fig. 23. Only the coverage
reg ion beyond .5m is shown because this was the only region where
there were significant variations between the two sets of results.
The measured coverages correspo nding to the work func tion min ima
agree to w i t h in experimen tal error , but the actual work function
shif ts at these minima dif f e r  by approximately 0.2 eV. The present
studies indica te that the s u r f a ce described by Weber and Peria
was probably slightly oxygen-contaminated from the cesium ion source.
Thei r  results , in fact , were reproduced on the presen t sample by
deposi ting the cesium at a slowe r rate , thereby a l l owing more
oxygen to adsorb on the sample. The shift of 3.28 obtained at the
m inimum work function point in the pres ent experime nt agrees well
with the value 3.3 measured by Jeanes and Mularie18, who took s imi lar
precautions to avoid oxygen contamination.

Another important difference between the two sets of data (Fig. 23)
involves the observation of coverage saturation . Although not
s p e c i f i c a l l y  stated , the implication of the work of Weber and Peria
is that the cesium coverage saturates at the work function minimum.
Additional cesium increases the work function for a short period
of time but the value eve ntually returns to the min imum as the
cesium desorbs. This is indicated by the dashed line in the figure .
No such behavior was observed in the present experiment. Work func-
tions for surf aces covered beyond the m inimum point wer e found to
be stable in time and did not return to the minimum value . Surfaces
covered beyond sa turation occ asionally exhibited work func tions which
decayed in time , but the deca~ was to a level cor respondi ng to the
3.18 cv shift rather than to the work function minimum . Th is da ta
fit well with the observations of saturation discussed in other
parts of Sec. III. 3.

e. Photoelectr ic  Em iss ion

The Ge/Cs and Ge/Cs/0 spectral yields are shown in Fig. 24.
The curves are correc ted for the reflec~ivity of german ium using
the published data of Phili pp and Taf t3 . The y ields are thus ex-
pressed in terms of elec trons/abso rbed photon rather than elec trons/
incl i -ot. photon. The two curves in the figure were typical of the
nen irfaces studied and were reproducible within experimental error
from run to run.

Photoelectron energy distributions (EDC ’s) taken; on the same
two surfaces are shown in Figs. 25 and 26. In each figure the curves
are shown at intc-rva ls of .25 eV in pho ton energy and the abscissa
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is plotted as E—E~ —h to reveal the energies of the initial states.
All of the curves were virtually noise—free because of the high
signal levels encountered. Consequently, successive traces for a
given sur f a c e  and photon energy were ide ntical . The rep rod uc ib i l ity
from run to run was also e:-:c-sllei;t.

Spectral yields and energy dis tributions w a re generally not
measured on cathode surfaces which were at intermediate stages of
act ivation . The tnartially—cesia te-d surfaces , for  exa mp le , were not
studied partly because of the window limitation discussed in Sec.
Il. 9 and partly because of the availability of photoelectric d a t e
ira this region (Jeanes and :-lularie 18 ). Photoelectric measurements
were taken between minimum work function and saturati on , however ,
he-cause data on the position of the vale-ncr- band with respect to the
Feermi i-cod (surface potential) in this range was not available .
The r e su l t s  are descr ibed la ter  in this section.

In - r e -p a r i n g  the EDC ’s fo r  d i sp l ct’-: , the low ene rgy  t a i l s  in
a l l  of the d i s t r i b u t i o n s  were cut o f f  a r b i t r a r i l y  by e xt r a p o l - :t e i ;g
the linear portions of the low ener gy edges to zero. The tails or
broadened edges were due to emitter nonuniformities , magnet ic f i e l d s ,
nonidea l geome try , and collector reflcct :i’e’ity ci;am ’iges. These fac-
tors actuali’-’ broadened th~r entire distribution but the greatest
e f f e c t  was in the low energy region .  Even with the edge extrril :ola—
t ion tb-s e n e rgy  d i s t r i b u t i o n s  were naertc-rally .1 to .2 eV ‘e f i er  than
h — ;l ~~ ( ;-a - = sample work  f u n c t i o n)  , the nn axi n ;u m t heo re ti  c-a l  ~,e j  d f r ~
assuming no broadenin n~

Normalization of the EDC ’ s was strai thtf e ;r’-.’rtrd because all of
the distributions used in the figures ;~;s’re t n - he - m a at the su it e se-n—
sitivit~- . The c c i rv l a e  we no c o r r ec t - i  onl y for the nt:;-:nitudes of
the photon flux . The nort-n rj1iz ,-~tion fsi c’te -rs derive-i i n  th is  m a n n e r
vi; cc typisrtllv ‘-r i lb i n  sev er a l  perc ent of those obtained b’s making
t h e  enclosed areas proportional to the respective y ields. The only
‘;x cer)tions :-;- -re t : :e a - o  cur’s-a s taken near t i t e -  h r c s ho l d  (h —

-
~~

-
~~ 

< .5 cv)
where broadening vat; significant because of t h e  n a r r o w n e s s  of then
I c - tri h a ’ m ans . Tb : “rare-a ” f ac tors fo r  Sonic of the curves  ta ken in

t l t  LS r e g i o n  ‘er ich  by sin c-inch as 2 t3 % f ’ s o m  then “ C 55~ t ~vi i~~- ” factors.
Such errors c-ic-re not expect - -d In - i f fc -c -t ‘die i:mt :cipretation of th e
-l et i .

,P: ’Cs~~~~cLi e-c:ission

The he ’Cs yield curve of F~ g. 21 Was v-:ry si::ilar to t h a t
- :u , e-e r e - - i  Inn ’ Jeanes anti tulan e-1 on ti n - - mini stun; c-tori, unction
su r f e c ~- ( t i — . 7m) in that very little str :mcture vat s eyed nt t h a t
c o uld  he a t t r i b u t e d  to ha l f- ;  band f e a t a i n e - : - . An e x p e r i m e nt a l  photo-
e lec t r i c  t h r e s h o l d  (~~) was det  n - i  no tn-nd be fitting ti;e - ta~ii, e :ion in
tbn th reshold region to a 5/2 power lai’,’ (i.e. Yx (h — ) 5 / 2 ) ~~~~
~a ove r 1 i -.c dependence is t ’ ;e l l— l - o s e d  in  t h e -cr y  and experiment ~~~~~‘ ‘ •

The e t - I p o n e n t  5/2 was cho sen becau se b u l k i n d i r e ct  processes  were
-n-lasc - rv-~~l tn - dominate the ho Cc n;bc ;t :e-; :ission in the threshold region
(discussed later in this sect: s - ni). A value for -

- 0 1  1.52 1- .05 -

wa s  found grap hically by extrapolating t i n  ce-ro yield a un -le t of
Vs. pho fn n - ii energy. Then- cat r :~ - ‘ l a t i on  i s  shown in  i - i - ; .  2 7 . Since
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fat e Ge/Cs work function was a l s o  near 2.5 — V (Sec. Ill . 3. e l)  , t hen-
~ surface :g:-p:ared to be strongly p-- lyre . fin -is hyt-o t e - ~ ~is is r c -j s o r —

rn-Lie in va ~~~~ of th ,~ concl usion of Jeanus and ~-1n ilat e-~ e tn t n i t  the men -t i—
te u mt i wo rk  f u n c t i o n  s u rf ac e  is e1c-~eneratei’e U— I ape .

• A series of EDC ‘s was taken at 3.25 eV photon eneeg as a func—
tiara of ceigium coverage to detest any movement of the high L ie - r an - ’
edges batwe: nn inimi i :a n im :i work function and saturati- ’-n. The carves ,
shown in Fig. 23 , -:-xhibit little or ito shift (< -0 .1 cv) in t h e .: -ai gn
ene rgy  edges in the range U > . Si-i . The ]-‘ern -ni leve l was niaced  in
the d i r n - g r ;-im ira accordance with the data  of Jeanes  and f - h n l l a r i c .
The p 1-n-cement:  was w i t h i n  e x p e r im e n t a l  error  of the va lue  de te rmined
from that: final i/era function after correcting for the increased
width of then distribution due to the lack of collector resolution.

‘rhe Ge/Cs EDC ’s c o rr e sm on - i in g  to the spectral y ie ld  of Fig.  24
are shown in Fig.  h i . The curve s r ice ; d i s o l a y n n - d ate - v a r i o u s  photon
energ ies  bet-ce-an ‘ . 7 5  and 3 . 5 0  eV , and the Fe rmi  leve l has been
placed to correspond w i t h  F ig .  e - 8 .  The : be -sav io r  of ti n - C - : i i stn i b u tio n s
as a f u n c t i o n  of photon energy is s i m i l a r  In’ t h a t  observea by Jeanes
n --n -n I N e t l a r i  e for  thea . Sm s u r f - n - c e .  Tin- en- n i gh  energy ud j: t s air::  co c : t —
c it i e n t  acre- f fo r  the c u r e / c  a- near  3 c t . The behav ior  of the  l a t t e r
has  bee t a t t r ib u t e- i te  th e -  otn i sot  of c i e re c t  t r a n s i t i o n s  at  a f e a t u r e
of trh n~ Bt1tici~~.n S i n - S e -  sn- r icture , v i z .  , the 2 5 ’  - i 

~~ 
d i r e c t  e n e -n y

gee sit K = 0 ( F i g.  2 9 )  li3~ The ihco-rved pt n c t o n  energy  r a n - n e  of 3.
to 3 . 3  c f  f o r  such st r u ceu r ’c is in sc-oh aq e- :c-m: i -ent with band s t r u c —
r a r e -  ca l c- i i a l a i o n s  ~~ • Tb- se -nra h eben -’n -  or i n - n - s  been ob ser ved  b R iach 1”
for toe - ‘e ( l l l - - - - -:s Ce ,e a - ! e n  . A socte;-;hn-t d i f f e ren t  i~ e rn r e t a tt o ia  is
of tic r n - h he-re- involving tr a in - s it i - e tt an - from filled s itatana c states in
the banclgap reraion. Thir is d i sc - ames - - - 1 in ; <i c-tail in Sec. IV. 2.

-be/Cs/U rn-hotoemissic’n

The circae :tral yield after og t e n-u se - at i_on ne eth oxygen (Fin - . 24)
shows c<’rma - t ier-n-sly :ac,nm~ S ‘st n-c-tare than the- correspondir;o Ge/Cs cL t<i.
The most  rarmmr i tnent featut-.: is the shar rise rican 2 et’. The- same
rise was o bse r v e d  U’-: i ach 3-

~ fo~ Ge (111) — < ‘a - — l i  but  c o n i l d  n ;t be
rurralatee t with arty of the bulk barth struc tairc- . Another f-nature
is t ia’s’ shoul h e r  b e-to - -s 1.5 e V .  ‘ i ’ m - n -  a- apt-ears to tIc - clue to seir ace
a t a t t e  c - r  ission (Sec. - -

. 2 )  • -~~~~in a ~;1;oto~~~ - ’t r ic  th re sho ld  -~

-‘sea - c 1 - a t n - m n- :n i n e c l  I , ’’ extrri noiatinq a 1 lot of Y— 5 n- to zero yield (Fig.
27). —1 valtie of 1.1- + .05 cv a - a l : ;  t in e d .  i h ~~s repr esented a
shift ( i c )  of .3 8 nV f~ om Inc Gn- ’Cr value. The con ri --scott-i: n :  work
S rn- ’fjo-~t c i n a n < - t ’ a  h ot :  s- -n the f;- ;i:  s ur f i-aes ( -

~ 
) e-’aS~~ 54 < -V .

Th in -  Ge/ Cs/U EDC ’ s (i- ~ = 1.50 to 3.50 et) mare shown in F ;-t .
Thc curvinc; have once again h e n  nba Itch by t 1;e di fferences in tiaen

~-hoton e-n -rjic s to re -n - -<-- i I tin --s i n i t ia l  s t a tes .  The Fermi  iea’c l has
i - s -n t ;  i - h e - c o - i  at  at p- - i --ii t ; c n i ;  ton - tin - Ia - Ic - ta ;-ii t f- ti n --it of Fig. 28, ass ’imnu c :t - r
t h a t  tit’n collc-c< or we- i-k in in c t i o n  - l i c h  not charige ieirint g the oxi t-a t lot ;
: r - : c -5s . Th a i ;; ea-sunpt~~on v a i n -  l e ts - ; :  ‘ s o ’ i f u n -d  by r e - t at ;  nq th i n- Ge/Cs
phot-;electt’ic Iota

The hc ’hr a uer  of t t t i s  Cu/Cs/i) d i s t : n i l n : t  i o n s  as am f u n c t i o n  of

pho~ on cIm i’r 1~’ tt~ n ’arc to i i - : -  1 :1  ~te complete , at least ii; the l i m i t - m i
n - n -n - g e oL e-hot a--i enerpi -;- n u t t ed in tb e :-: ; - ,-r in entn . The h g i; c - ; L- ;tv

- - - - —~~~~~~~~
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edges of the dis tri butions vary  cons iderab ly  wi th pho ton ene rgy ,
espec ia l ly  in the 2.5 to 3.5 eV region . This behavior is character-
istic of direct exci tatio ns , and is believed to arise from transi-
tions involving surface states (Sec . IV. 2). The low :nergy edges
of the curves coincide as expected and are shifted by approx imately
.6 eV from the position of the Ge/Cs low energy edges. Th is is
consistent with the observed work function decrease of .54 e\~ if
the greater widening of the Ge/Cs/0 curves due to the collector
resolution is taken into account. , -

The 2870°K “white l igh t”  se nsitivity of the Ge/Cs/U surface - 
-

of Fi g. 24 was 45 na/lumen. This was a factor of 13 larger than
that of the corresponding Ge/Cs surface. Both sensitivities were 36
calculated f rom the uncorrected yield data using a tabular procedure.
The Ge/Cs/0 value was somewhat lower immediately following o:-ridratiot-,,
consisten t wi th the ag ing phenomenon mentioned earlier (Sec. III. 3. d).
The 45 ua/ lumen value compare s favorably  wi th the ~ 50 a/ lumen value
repor ted by Caldwell , Kaiwe i t, and Kennedy 31 for p Ge(i00)/Cs/0,
which had a 0.2 cv lower photoelectric threshold. The dar k curren t
from the activated surface in the present experiment was typic a l l y
.lxl0~~-° amps/cm 2.

4.  ~~pgriments Involving Oxidation of Partially Cesia ted Sur faces

Several additional experiments were carried out involving
the additior, of oxygen to partially—cesiated surfaces. These ex-
periments were designed to obtain more information about the struc-
ture of the cesium oxide layer. Surfaces formed in this manner fell
into one of two catagories , depending upon the behavior of the photo-
sensitivity with oxidation. Surfaces covered initially with greater -

r
than .5m of cesium exhibited an increase upon oxidation , while sur-
faces covered initially with less than . 5m sh ot -n -ed a decrease. Each ‘ 

-

initial coverage range required a different method of o:-:verci; cc— ‘i
posure. The two cases are discussed separately beloc-;.

5m

The first set of experiments was undertak en; on surfaces covered
ini tially with .5m of cesium or more . Since the photose:nsitivit n-’
of these surfaces increased with oxida tion , the p r o c t n - h : m n &  i-.’as t i ’
expose un til max imum photosensitivity was reached and slightly passed.
The sensitivity typically returned to the maximum shortly after the
oxygen was shut off. This process was repeated for a vr;niety of
initial cesium coverages between .45 and 2 . U m .  The results of these
e xp er i me n t s  are  summarized in Figs .  30 and 31. F i - ; . 30 shows the
work func tion data for both the cesiated and oxidized surfaces ,
while Fig. 31 shows the corresponding photosensitivitie-s . The work
f unct ion curves indicate sa turation near •9m cesi um cove r~i i p ’ , wh i l e
the photoelec tric curve indicates saturation near l.05m. The former
value was expected to be low because the measurement was taken at
t i  - center of the sample where the coverage was h igh .  The latter
value was expected to be high be-cause the  m e a s u r e m e n t  was an average
over the entire samp le area.

The photosensitivity plot merits further consideration because
the data is more complete iia the  .5ni region. It is significa’mt ,
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fo r example , thri t no i n c r e a s e  in h - i - st o~~- - - s i t i v i t y  was observed for
an i n i t i a i  cesium coverage- of . : - , and t - sir i n c r e a s e  less than
one—ten th  of t h a t  ot sat  n m r n -t  ion warn- observed t the -cork f - n - n i r ’ t i o n
min imum . A n e a r ] - ’  i d e n t i c a l  in c r e ase  w~i;n obs- n-v,-st on a uniform
mole-c-ularly— u ’pus’ted minimum ~iurk function sn-n t ic ’:  (Sin-c. III . 3. o)
all parts of which had been -s e- n - -red l u  a 1-uin t  d e f i n i t e l y  beyond
the work function mini - -a. I’h- a-’. observations cle arly refam ue earlier
evidence that co”c-rage saturation occurs I n a r  Ge(lOO)—C:; at the we-r i ;
f u n c t i o n  minimum .

The f l uo re scent  room l i gh t s  w e -r e  - m n e - .i to obta in  the data of
Fig. 31. The p h o t o s e n s it i v i t y  ncrea i se  observed at  s a t u r a t i o n  wi th
th is  source was 7 — f o l d .  en - vo n  trho<ie it t r im - “ u n i t e  li ght ” va lue  discussed
ea r l i e r  (Sec. I I I .  3. e)  was nearly 13—fold . The reason for the
d i f f e r e n c e  was the smal le r  in f r a r e d  component  of the f luorescent

• source. It is apparent f rom t b i - ~
- - y iE ld curves of Fig. 24 that the

largest  sensitivi ty increase resulting f rom oxi dat ion occurs in
the i n f r a r e d  reg ion of the si;ei:ti- um i.

0< • Sm

The second set  of e x p en i :n - e n t a -  was conducted on su r f aces  cove red
i n i t i a l l y  wi th  .5m of ces ium or less. Since the pho tosens i t iv i ty
decreased with oxidation for such surfaces , it was not clear to what
extent oxygen should be admitted . U si ng AE S , however , it was dis-
covered t ha t  the ox i d - n - t i - a - m u  of such s u r f a ces — n - u s  somewhat  s e l f —
l i m i t i n g . The amount of ox”ejen re ad i l y  adsorbed  wai m; roughly pr o—
por t ional  to the amount  of i n i t i a l  ce s i u m , -anti  was not p a r t i c u l a r l y
sens i t ive  to the extent of the ocygc - m ; exposure .  Tin-c s t i c k i n g
probability appeared to be near  w i t t y  u n t i l  the l o i n - I  at which the
0/Cs Auger peak ratio was comparable to that for the norma l optimi z-
ed surface. Some deviation from proport ioiu rnlity was obserc’e:I at
low cesium rove-rages, whore  the 0,”Cs ratio was l oa• s- r than normal
following oxygen exposure. The-  s ti ck i n g  p r o b a bi l i ty  for  oxygen
appeared to be small  beyond the poi nt of propO rtim )i;ality since the
0/Cs r a t io  remained n e a r l y  c o n s tan t  w i t h  add i t i onal ex p o su r e .
The relationship be t’,•;eenn oxygen e’- asars- and Auger  peak h e i g h t
on cesiated su r f aces  was not  etxsmmirn -ccI in detail.

A similar sattisst tnio i; wur aba-c rve:d in the ESEP data . The magni-
tudes of the d i f f raction fea tures , which were ~uite dependent upon
the amount of oxygen on the surface , stabilin -r ee d at the point of
rapi d decrease in ca-ryd er; s t i c k i n g  p r o b a b i l i t y. They con t inued  to
increase  slightly w i t h  addi tional  oxygen , as was previously ob—
served on the fully cesiated surface. The magni tude of peak F

• was largely dependen t  upon the tota l amount of oxygen on the surface ,
and was nearly indepe nden t of the amount of ce sium , except as the
cesium a f f e c t e d  amount  of oxygen r e a d i l y  absorbed.  The add i t i on
of oxygen to a c e s i u m — o n l y  su r f ace , for e’x~arn I ’ l e , caused a large
increase  in F , w h i l e  the add i t i on  of cesium to a p a r t i a l l y — c e s iat e d
and p a r t i a l t a - - ox i d iz e d  s u r f a ce  caused l i t t l e  or no change . The
i n sen s i t i v i t’. ’ of F to a d d i t i o n a l  c e s i u m  was e v i d e n t  even ti;eugh AES
ind ica ted  a s u b s t a n t i a l  increase  in the amount of cesium presen t
and trhe work function decreased by several tenths of an elec tron
vol t .
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The f o r e ’e r o i  ng r e s u lt n s arc tie- n -ne -its I r a t e d  in F ig .  32 where  ESER ,
AES, aiai1 work function results are showi; at several stages of acti—
vatie’; from a ce;tl;n-le formed by a f o u r — s t e - p  process. The procedure
in the expe r imen t  was  to p a r t i a l ly  ce siat c  the clean german iur:
s u r f a c e  (ES ER curve  1), oxidize to saturation (curve 2), complete
the cesiation (curve 3), and then oxi iliz e to maximum p h o t o s e nn n - i t iv i  tu
(curve 4). The results shown in th e  f igu r e  are tot the best  tna t

-- --o re obtained because the ox’/cjert d o a c -  prior to curve 2 was c - t r e e - a - —
sive . The elan- tn-a is , howc’<er , fairly illust r ;-tivcn- of the general
behavior  described e a r l i e r .  If the oxygen e;-:;:-osure had been normal ,
peak F in ESER curves 2 and 3 would have been more near ly alike ,
and the final i-sort function would hove Len-en lower.

The same behavior described in the previous paragraphs  has
-

‘ also been observed for cathodes fom -:n-nn-d by multi—step processes.
I f  the oxygen exposures at  i n termed ia~-= s tagea  of a c t i va t i on  were
of normal leriqth , the fin -m e - I work f~mtn-ctions were identical within
e- :- :per- r imenta l  e r ror to thos e f or samples pr epared  by the normal

- -:0—ms tn-up process. The ox~ gem and ce-c-i urn du qcer peak magni t u t Ica -
(and tit-arefore the cover-ages) were- also idenci cal to thos-: from
anon -m al s u r f a c e s .

Several o ther  observat ions  are worth-c of note. First , it was
clear t i n - a t  cesium had to be pren - n sn t on G e ( l O O )  in order fo r oxygen
to adsorb readiiy. Exposure of the c l e a n  s u r f a c e  to the amounts  of
o’-;yqe.n n o r m a l l y  n -eaec i  f o r  ac i n n - v a  t ion  resu l  t ed in no b u i l d u p  of

— w -
- - - - n t h a t  could he detected by AJ iS , U S U R , or work f u n c t i o n .  This

ama ; .  - t n - ally r e - f ]  c-cts the low n t  t o t in g  p~~pb ; hn - i l ily  for  oxygen on
~ c le,ao gem ctaa n i un m ( 2 . 4  x l0~~ for  G e ( l o n ) ) ’ ) .  I t  was also e v i d e n t

t i n - i t  r h o  0/Cs P l m g ’ ; r  peak r a i t i .o observe-el  on p ar t i a l l y  ces iatecl  and
— n - n - : j i l l ‘ac-ti s’.ir  c aces did rn - n - nt n le ’y i r a te a n - i ni fi-atari t: l y  f r om  the value  air- —-
sers;s< e; for fully sic-i t t-a tn- - n t i  sur 1nn -ces .  F i n a l l y ,  the ex ten t  of the
work L-a~;ction sin i ft beyond th< 3. 8 e~ ‘-‘a Lue f o r  a f ul l y — c e sia t e d
s u r f a c e  appeared to 1-n so le ly  d’ - m endec-t cmme n l -a t b -n -  t o t a l,  amount  of
or-ave-on on the surface , indc’pe nie ~1t of when t in -i: cesium was adsorbed.
Al of L i m e - s t  observ:: t: Lor n s demom;a -tratn-e th e; nie p- < i n ; I ency of the oc-yere-ra
cove r oejen- on t h i n -  cesi um c o y - r n - j a r - .

5 5. Studios ci ,\bnorrm a i des ii - Cathode : Forma t ion

a. I n i t i a l.  Con ta ;i i n s a t i on

The i n it i a l  qc’rman inma sun ~:;c-- was k e pt  as f r ee  as possible of
contam ination e i u n i  ng most of tn - I n - en - n t-;tnserirflc ’nt so that optimum photo—
e m i ss i  art e m id be e -ch ic-vc d . This a i  l oi-, n-ti the  s u r f a c e  c har a c t en ’ i :t a—

t lion to be n- ic-etnin qful. it ‘i n-i s informative , inour- ver, to d e l t h s’r at ; - lv
ir~ rn -lu-ar c surf,inc- ,r n n t n - r ’ ij r ; a i t i o n  p r io r  to cathode fo rma t ion  to e x am i n e
t h e  I F oe: ’ ti mer the sic I i  v a t  i - nmm process. Only m i  tial oxygen contamina—

ion un ;: e~ ’’i’an -  n - i - si  I ra det ,n- j 1 , ms~i m;c~
-
~ nn -xv qe ’r ; was a vital constituent of

Ii;- - Ii n,i p h - : - t ; - t : i r r  lace.  :t t ! i e  r forn-~s of contami n a i t i O f l  (e.e. carbon )

~- r o i . m r- - , h  n i s n - i l n - r  r e s u l t a n .

P -  i n - -  i n  F i-~. 33 i~-n- -ta~~Fe da ta f r o m  c l e a n , cc a - iimm—mn -a tt’ r ’nt - n oi,
-nd O p t . l n h l 7 n - ’ cI ~~i~~’f ~~ç’e-.et ta l lcmw :r -~ n - ni t f a l  oxa’c;crr e e c t ce i i -  ; n  c- if 0, 1,
a-nd 5 on i r i  —0 t e n -ac  t i n . T b- ’ e-t— ;r-nn - : nn- i-’ -- iseirro n - tie- - I t ; - ; o ‘‘1 ’’ u-n-s

-i - h



roughly  m O  t imes t ha t  norr i ially used for  a p t i m r - i z a a i r - n  and t :ie re-
s u l tan t  oxygen Auger peak was aprm:o;’:imaatei\’ 1/10 thr m t observed on
the norma l optimized surface . The deteriorative e-ffn -oi of t h 5 n -
initial oxygen on the diffraction features at all stages of cathode
formation is apparent. The two sets of curves for the cesiei-a—
saturated and optimized surfaces are not unlike tuoa-c- obtained Fro;’n
p a r t i a l l y  cesiated s u r f a c e s  ( F i g.  2 1 ) .  If a -p a c i f i c  ces i a - an  s i tes
can be associ-ated w it h  the  r e f l e c t i v i ty  peaks B and C, the forme r
set of curves suggests incomplete cesium adsorption Onto Sites
associated wi th  C. The net  e f f e c t  of the oxycjc-m i Cont dmnn i atlOfl ‘,~‘a S

to decrease the photosensitivity of the final surface .

The work func t ion  and ~\LS data cor responding  to Fig . 33 is
summarized in Fig. 34. Also included in the f i g u r e  is da ta  iron
an experiment where the r e la t ive  oxygen exposure was “2 0 ’ . Ti m- a
work function results in all cases demonstrate that initial oxygen
contamination is detrimental to cathode performance anid that the
final surface after such treatment contains less cesium than normal,
The impl icat ion of thIs data  when coupled w i t h  the cor responding
ESER data  is tha t  the i n i t i a l  heavy oxygen expos- ir e  promotes ads en -rp—
tion which blocks poten tial  sites fo r cesium adsorpt ion urm ich are
neces sary for proper optimization .

b. Contaminated CesLum Deposi t ion

The con tamina t ion  associa ted w i t h  each m n - f  t he  :ea-ium sour -s e -s
has been discu ssed at length in ear l i e r  s ec t ions  (S-a-cs . I l.  4 a m - i
III. 3. a) . The molecular source en-n-i t I c - c l  s n i ~.hn - ;~m nou m ;ts at h’;aii’o—
carbons (especially methane) during deposition , un-rile tb: ion sourc-
when operated improperly, evolved st-;all qemam at ities of oxygen. Tb- .;
methane contamination, as discussed earlier , did not:  i - r e - s e - n t  n - m y
p a r t i c u l a r  ~;r ch lems  un less  then- cesia Lan d s u r f ac e  in-OS iaonn-bardo f a r  a
period of t iOt ;  w i t h  high energy electrons , as , tar e - n - ; a i n - l I  Ic - , dur; :-, i
A I l S .  Such surf-aces exhibite d a gradual bui i-lu 1 - of cam rboi; dim e to
cracking of the- methane. The oxygen  conti i ; : i i n a n - t i o n  associaie- : l  -.~ith
the ion source w a s  also of little or no c o n sr - ou i a n en e :  t i n -  the fi ; i n - 1
photosur f aico . The p resc m ;c e  of oxyu en n -  ;;i n n -mpl y n-a le i t  c l i f f  n - s n - m i t  I -
separate the e f f e c t s  of c e s iat i on  and n’xida~ ion si r: i~s f ~:r:’;eeI m t t ,
s tages of ca thode-  formation. Win-en the ion source ‘-i a-s O l in - r at e 1 a-a-

— outlined in Sec . II. 4, the t w o  proc~; r -;-m nn s n - s re c - t a - 1 i \  n-i~~e~ t 1 ne ; ;

I” ie-jur e 35 she- i-is ESER data from a f i t  f l y  ces a~ -ml s u rm i a s - - m e  s i t e d
u n - i c - ic; i n n - p r c n - c r  ion el in f l i me-tent : -n-Is. The ci uti was defm’cus- -a su ch :  L ;, mt
ce- ms i n n - u  was d e p o s i t e d  -at 1/ 10 t Im m ic n r ;rc a l ~. ni t i:, thme- re }:- ’a i n c~~e e a m s 1 r n - - n
the a r r i  val r a t e  of cm n--:y-; c- n a t  t a ’ sur  f: n c , ~ cc ; J u t  i ’e  - mni ; ;m I a t  -:~ e n I rim :
The 0/Cs r a t  i n ;  c o r r e s p o n d i n g  to the d a s h - n - c t  en ; c _ -s u r i s  .5 , i n - h  cat m n ; - ,
c i n - r n - r ; i d e r n - m b l e  l ’:1’ ij e r l  c o r i t n a m i  n at i o n .  The c m  i e ; - Ct i v I  by t e - a t e t r e a s  are
i den t i ca l  t o  those of r a r t i a l t y — - t a - : : d i z c - d  f i t  I I ’ ; ’ —m ta - s i a t e n s l  5 n - t 1c - - : i
( i - l i 1. 22) wh ere  the  o n y c j m i - - n - a i ms i t - I n- n - d u c t : i n - l i o n - -.’ i r a n  Ce e L i t t O i n -  r ~t _ m t i. in-
t i ta n-i - n - n - i t t  nuou s ly U; r - m m t d o ut  do 1 a Lion . This f i t s  wi t I n -  t ha n - n - r i  i o r

- n - i n - n ;’ -  m c at i o n  (Sec.  I I I .  4 )  t i n - a t  t h e  Cs-- Q ~~t m n m c t ; m r ’ ’  i time sata n w in - et her
the o;-.’;cjen- n n- n - I  c - s l u m s  :m els or ’l n c i o n  mcc ii’s in  S m  t a g i  en- ni  i n  m mm i d p i  ~:

i n r 5 - r m  n~ l mnr i ~~r f - : i : L i o n s

Thc’ role of  ; ; t r u c t t m r n l  p e r f e c t  i o n  in t i c n - t e - e n i m n r r : n  I h o  ‘ l i t i n m i t e ’
Ge/Cs/ 0 pin - oto r en - a -1 iman nr ’ has been di ;c ’ i m , t : -n-~~;i ; um n e a w l m ’ l  i n  O t t  1 1 cr  en - - c t  ! 0 i t a .

-
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I t has been demons t rated , for  e x a m p l e , tic-ni t tin-c cesir~mm en- tn-d oxyqer
adsorb onto the germanium surface in an ordcrn: J fashion , a-nd that
any d i s ruption of the r egu la r  arran n en --n c- rm t by t n ,  m i t  i n - i l sun --tn-ce-
c o n t a m i n a t i o n  l imi t s  -the u l t i m a t e  ces ium c o v e r u - m c  and d , - - i r. n - d i s

- 
- 

:;ot osen- n n - s i t i v i t . It  has also been shown ti m - n -  t surfaces h o y t  r ag tn -  -

sha rpes t  LEED p a t t e r n s  and s t r o nqe s t  elr-ctrc-n-. r e f i - - ’ t i n i ~~y fe , t n m r - - r:
typically exhibit the best photoresponse.

Simi la r  observat ions  have been repor te d m~y G c i l d s t e in  fo r  S i - ’C m s / O .
Surfaces successfully ac tivated to Ni l ~’n c- : - :hibi t  LEED p a t t e r n s  w i t h
s h a r p l y  de f ined  spots and low b a ck g r o u n d s , n-- in - n inc  su rf aces s mc t i ’ - .- a r  - - i
u n s u c c e s s f u l l y  e x h i b i t  LEED p a t t e r n s  w i t h  i,l~~r re - 1 or streaky s~;-n -ts .

-~~~~~~ The Auger  spectra from both s u r f a c e s  are i n i on t i c a l , i n d i c a t n i m ;q th1:
problem is structural in nature.

None of the LEED p a t t e r n s  observed I ;; the or e - s en t  e ::perinm ’ n-n t
exhibited such gross variations . S1i51i;t d ey i a t i on - n-s were  sometime-s
observed but these were usually also accompanied by slight ch~ n~ cs
in the Auger spectra. Improperly annealed s u r f 5 m c c - s , f o r  e x a m - t a l e,
exh ib i t ed  some excess argon and did not  ac t i v a t e  to normal  ph :-t; --
s e n s i t i v i t y. Simi la r  behavior  was observed fo r  c a m e r a , t a n t a l u m ,
and oxygen c n - m m t n n - i m n - i n n n -t ion .  S t r u c t u r a l  and  chemica l  c h cj m n - n r r - ;n- Ws- r e
u s u a l l y  much rn -ore eviei - n - -n t  in t h e  Li-dI R da ta  thorn in ti m ; LELD p a t l -  rnn s .

An exaun -ina t ion  was made of the  importance of prop- - c -  sur  In - icc -  On —

der ing  in tAn --: a c t i v a t i o n  process.  D i s o r d e r i n q  was acc omn-~il i shed  m-~’
h e a t i n g  th-a f r e s h l y  ces ia ted  s u r f a c e  to ~ l 0 O ° C t o  a po in t  n - Jn - c~re t Ie
work function had increased by several tenths of an e lec t ron  v o l t .
The surface was then recesiated to rep lace the small ano int c-nt
desorbed cesium . A f t e r  such t r e a t m e n t , LEED and ESER d a t a  inti ic-n n-t - :d
t hat  at least some of t in - c  s u r f a c e  atoms had un ier gone  i r rev e r s i b l e
s t r u c t u r a l  r e a r r a n g e m e n t .  The o n ly  s u r f a c e  mi r-nim ar -ter not a f f e - n s t - - i
was the Ge/Cs work function.

The ESER data E ar  t h i s  s tudy i s  s u m m a r i ze -e l  in F i r . 3t- . Streme :-
tural changes are c l ea r ly  i n d i c a t e d  by the  c i ;an q ~-u  ~~ i n - - a - k s  B and
C r e l a t ive  to the normal curve . The LEED p a t t e r n s  f rom hoti ;  s : r f n - i~m s
were  also weak when compared to the norma l Ce/Cs p a t t o n - , and a l l
of the beams were s t r eaked  ( i n c l u d i n g  the  1/2 1/2 ar c - a s ) .  The streak-
ing was t h o u g h t  to i: ’m d i c , m t c n -  some sor t  of l a t e r -n - I d i s t n r t  - such as
broken  Ge—Ge s u r fac e  p ai r s , cesium vacancies , i r r e g u l a r  ce s ium -n-
~ n aac inqs  a long s u r fa c e  row s , or some other  r e ar r a n g em e n t  in v o lv in q
the  G e - — C s  bond ing  (Soc.  I V ) .

-J
The 365 r-V ccsiurl Auger signal on the recesiated surface was

8% sn’oller than on the freshly cesiated surface , and after oxidation
to i i : - ;  u - m i Ic - il - n a - ‘rn - si “ n t i vv  the 0/Cs ratio was only 0. 37 (ap~’roYi—
nun-i ’ - ly  h a l f  the nor r ” a l  oxy g e n  s i g n a l) .  The ph o t o e l e c t r i c  y i e - l d
u - , -~ a lso poor. ‘I’h - i t :m p I i - -a ion was t h a t  son -n -en - sort  of i r r ev c - r s i bl c
s t r uct  u r a b i c -’ r m ’ i r r t r uge rn - c m -i t  had t a k e n  p lace  w h i c h  i n h i b i t e d  oxygen
i m - ~ - -r - m -n - i :

• . -
. b: ’ -r C~-thods - C : s — ni  A c t i y m n -  ion

S ’-ve r a - I m~ ~‘ - n-up’ s i’sn ’rc ni ad , -  t i n- q inu -:  thick ces ium o’: l e l - -  l ay er s
en he’ i - ’ r n ’ : i n l - m n -  s a m r m I , ’  in o r t ~- r  t i  , i c l m e - n - y c n  a b e t ter  p h o t o e l e c t r i c
y~~ei- i  t h u -  • hit obf m in e - I v ia t i n - c -  no r m - t ai l “ t w o — s t e p ” a : tl v a t  n - o r ;  pro~
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cess. Cesium oxide growth on Ill—V scmicond :mc te r;: is m a - a - ally
complished by alternating cesium and oxygen ec’:pdisures , mn - a - c i a  t i n ~t e ;
optirn i c ing the photoelectric yield with either th an cesium or the-
oxygen-3 7. The cesium oxide growth  process in the pr e -s - r m t  m c- :l- -ri-
ment was complicated by the inability to monitor photocituission -lur-
ing cesiation , since only the ion sou rce was ava i labl e for  cesium
deposition at the time of the measurements. This made it ii c- ssarv
always to terminate the procedure wi th  an “optimizing ” oxida t ion
before taking measurements . Two methods of growth were utili,m~~- i ,
neither of which yielded cathodes more sensitive than those lnr o-iuced
by the normal “two—step ” process.

The f i r s t  me thod consisted of t r e a t im ; g tin -c Ge/Cs/0 surface en -tb
a heavy dose of oxygen and then expos in g the  s u r f a c e  a l t r - r m n - a t c l y
to cesium (1 m o n o l a y e r )  and oxygen , each time optimizing the p h ;n -t u -
electric yield with oxygen. Cs— 0 treatments beyond the first did
not increase the photosensitivity (2870°I< white light) by none-
than 20% or decrease time work function by more than .05 eV. Tin-- :
LEED pattern rema’Thed unaltered after four such treatments , pr eb an - Inl y
indicating that succeeding layers  were not  s t i c k i n g .

The second method was identical to the f i r s t , except  t ha t  tha i
succeeding oxygen exposures were heavy (seve ral Langmuir ) rather
than j u s t  sufficient to opt imize the pho toe lec t r i c  y i e l d .  b in - c - rn - eve r
work f u n c tion or photoelectr ic da ta wa s desi red , the final cesiation
was followed by an “opti m i z i ng ” oxida tion . Cesium and on- :y qen -:: ex—
posures equivalent to i8 monolayers  of cesium ;; were a p p l m c - d , n -ut  i t
was impossible to determine the thickness of the cesium oxide laye r
because of the uncer tai nty in the extent of cesiemri desorption.
Evidence tha t  some bu i l d u p  occurred was ob ta ined  f r o m  the obs mn ’rva —
tion of exoelçctroni~: emission during oxidation. Efficiencies in
excess of 10 ‘~ electrons per incident molecule we re observe-el, i ra-
dicative (for cesium oxide) of thick , low work function l a - a - m m 37 .
The pho tosens i t iv i t ies  observe-cl , however , were c o n s i d e r a b l y  ~oo ror
than for t,n-e normal Ge/Cs/O surface .

I
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IV.  D l S C U S SI u .~

1. C l e a n  S u r f a m c c  C tr u c t u ra  L C - t ‘I

I ; :  o rder  to - C - t _  m ine tin - c - -  -u ta p t ~‘ c - r i - n - t e -  Cu , ‘C s/ O  S t e : ,  ‘t armI :‘-u- a - I
it is f i r s t  n e c e s s r n - r n -  t o  um - -n m- ;r stni ne l tim cr1 - a - n m Ge ( 1 0 0)  a- -_ n i m c t u r e .
t I n - c  l i t e r a t u r e -  is sonien - ,- h , m t n  n - r t c n m a l usi ve  o n -  th us n-a- ’ n r  b-_ c a use of
d~~t~ t i n - i t  L i n  ohs on~ a 2 d ’  t n in m m  i~~io ns (n - i U
OO5~~~L 

j~ - n i  26 n-S ~ 
a- t i n ~ t 

tm as ~ m re to
cia- t n -  linking sn-~ ctfic LiL t) feata-re-s with u n :  c l : c - r n - i m c a - l  a - rn - c l  sun -  ractu ral
q uality of n-he sun f ace : . The LEFI T)  c- h-n -n c -v a t  t o n s  of th e -  ~~c -i s~ at -

pe r ir s c ’r - t , a - l i o n - a  W i t m n -  t m ; m n  c o r r esr o- f i n h t  Auge r  a-in -in -I i f -  it d a n - - , n-’~- - r .
t ho r - s t - -n - r~:: - h e ; i t~

_ - h e l p f u l  in select  i rae a C ’ l  - n m ,  g u n -’ t Am c ’  - i n - C - i n  -3. . Ti, Sc’

resu l ts , n - r  sen ted i rn- C- -cs. Ill . 2, amn ;d Ill. 3 , ar e  s u m - u r n - a - r n  r u n - n i
briefi” below .

Fi r s t, it is clear Iron’ - tin - strc nt~Lh of tic half-- - tIe t n - z tn - ei
n m t - - -~I cr-- - : m i a c - r  sp it e ; in t h e  IJC D l~~t U e  - as I n - . , i - - t i m  clean ,mr~ i c-a-si C —

ed a - c n n - a n - a c e s , t i i a - t  t m ; - -  cl- n - ar - hi - ’ ( l o o m  st r - i - -tu r e  is urn -denim; e m n - t l~
~hx l in cia ,m a c ’  e t  . It I S  a - i S O  e v i d e n t  t : , . t  t n - c -  e n tr a  i / 4 — - . -r d e r  :~~ , —

tn-ut- -s in t he LELi D pat L - c-n a-re n - - n u t and  - ‘ - : t n - , i . 1v r mot  lin; - -J to sur ~
f ic-n contdmination . l~iu d c i  it m s  t n - c - me n - h a - I. t I m e  I n n - i t i al  s u rL a ~c~
c o u ld  not  be e n t i re l y  r id of c - -  n-m n h i n a t i o r n - , it is also t n - ot t .’ ,

the tames n-n :- of tI -; - se cont am- m m a a m ; c - s  , i n  C y e m n a s m t  on t h e ’  n o r m . , l  a - m n - c - a - n i  s
weak - n - - n - -n i or blurrcnet t a 1 / 4 — n c - I  n- I LED f e a t u r e s , n t e g r - i n - i - ; e I  the LS !-t
p eak s  , and adverse lv n - if rAn Le a d  S n m C S - ._ - :; wa I n - / d  t i-a t . I-’i~~a.m 11 y , t n -~ -
1/4— c-i - - - n  LEED f e a t u r e s  -a u c c a m m m , m n - - n m r e c l  coin-p l o t - i~ - t - i i n - - a l  : mn -  n - I ’ ’—
:sor--tion an-rn-I were r : - t  1) 1 :Seflt  on rn -h ’ f i r m a - I  Gn- /i’ s/Q S i n - f  n -n - C e  . i n - ’
; l i n i n-~ - : m r j m ; c e  of the 1/-H- -rc l c - r An ’c i t m m c - s  mn - i a- a l ;m -  h - - mn - n -n-por t - h ’
Ch -n f o r  Hi - - ( 1 0 0 ) — C s , as en - I l  a-s fo r  ( in :  ( 1 0 0 ) — N a  a m i d  tin (100)—f .

The s t a  n - mc i_ o r a l  n - t c n - 1 , - l  n- -.-h ien - I - i  h - n i s t _ f i t s  the-se moxpe r~ i’ c- n t - 1 c - -n a - —

v a ti on s  is t ha t  of C d - h e r  or :  I F a m m n - r m - ; o r t h n -  sho w n i,; Fig . 37. Ta-’-
upp er: aom-a t a t o mic  l aye r  i n  th~ ;- m : u e i - - I  coi n - -; is r . s of  r u n - w a -  of pa - i  n - - i
a toms n - - n - i n - i c h  give t I n - nn - LEED p a L l - - i n  i’ e: 2m - ,l -:htic - i- : t r .  T I m - - - — f e l - i

- -Li- a - i n - it n ym - a - ue tr c- of t Im - . - ti a - t t entm is c i a - C  t o  ia-u nm - li’: p e r p ’am a d i - c ;a i a - r
en - n i e f l S  whL h “1s t on in- ‘~urt a~ ci ( ‘ c-c-’ m ) ‘~ ru i r e

1/~ — n ;- - 1 - r feat-i rn: n-— n m n - r u b~- ca-p lai n- m a- - I Gin- a sLi~3i i~ un - r i - n - On - c a n - S t ‘) c nn-a
along Li ;-. - paired roes. ‘An is distort hcrtn - na -u 1 I i o n  n-c ma--~ t - i ~~m - A
r e l ax d u r i ng  : 1 - S n  a- -- . : m - - - -rIAn iou. L jn ln - -r sem I i - ’ -‘u- n r , - I s  a r - n  n .s m - a  In -
1 ai mn-ele’ r -an - - I C n n - i r c - j 5~~t ’- t i n n ;  1 - ’ Se i - - n - , m t ’ 39 --n-e rr- n ut  n a-ed  in  tin -c p:-a-n:n ’ rn - i
intn r :rn rc- t r i m _ i n c - n  I n - ’ -  a u: n - - n_ tn - - : l’u n C a - t ; S r c - u ; -_’ T inn pr-~ ; ’ea se -a in ~~‘~~~~~- o n - a - ’ - w a -
too severe- L i -  o:-:olain f i n -  ‘.‘.n-- -a - m m m c s a -  in-f m - - L/ t — n ’ - i  - - C  idi i ,fi feat n m m ’n -s
and their disar m n - a -  n - ain - e’C en- I - - c-cs m u t - n - u isoi- - In n-em: . T On -  r o , ; so m : ir , e ’

behind t i n - a pmcu’n :nt chin u ~~, n i n - t n - I t  :;cusscrI  -~ n mA ui - A u 1 i ’ i i n-l

2. Ge/Cs/U I-A n - nc - t r ’-r I e n- t o n i - i

A corn-Inle ine eh ,ar -mi: t e rin ruti on of m n -  it /Cs ’m) l b m l ( : - ) - ’l e ’ct n i C  I - - — 
‘ b r  would re -n a - mr  re tr i - ,n f _no at: nsf c u ! ;  ‘n-C nbc re- on -nra’ -‘ iw . 

‘- ‘ am -n- i _’5
involv ed in pmmcn - t~n - i -m;i - usici un - : i A n - t n ; -  xci t , n t i o t u  (or n m t i C a ]  n b -s n’ t e ’ i m )

m ann-port to t i n - e n -  surface , - r i d  - Sn - un -c i - I n - i  -; m c h  1 0 -  ! i r t ’  n t  1 r . m r r i c - Y
- i t  I I ; ’ -  surf u-: - - . ,‘n - l l of t r m , - a - -. - - n- t e ’ca- im c --n - ; ui ’fl g i ru ’ ’;1~~i ’:- , u : ; e i  n~~c i ’,~

t then - m e t ic n - l I r - u t r - ,c - - -  . To - si t u n a  i on j a- m, ’t ’ I  cc -em ;  flo1’-’~ c-n - - n - t n - —

3 inn- 
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in-hex 0’,.’ t h u - rc-sence of it ;t r i ln -s c surt n - :~ S t : a-t e ’a- , and La’ states
rc - sem lt i, ni m corn; tine cc’s n - ni t; n - n A n  o x vy e n  r n - i n m u r n ; t a n m n - t ; .  Desn ~ it - :  this
corn :-inx itv , it n--a-n-s m t - a - n in - l en - to cle r ic -in - some L a- s i c  i n f o m n n - n - n - t i o n  about
the Ge ‘Ca/O e n - i a - c -  join- procer n-sen -su from t h a n - mn -casim rc- cl yie ld and ph-n- tn- n-- —
et c - c t  ron ermea ;rgv dis t r i b u t i cu n c e m m n - -as  • WI n - i Ic; t r m - : r m n ’  was an- n a m i r ’ m i t t e m .l
la-c-i: of n - t m s - n - n n s s i o n  el an -ta at  hig in- n-- i n - i c - nina energ ies  ax-U as a Ia -rn -ct 1 - m m

- in - ‘ a - t h i n -  -~ - f - n -  r ’-  a t  ion , s i naI ; o mi s s i o n s  c-i - ’a-’ no t  em-~p c c t e d  to se r ious  1~ -
a - f  I- - a - u  th -n -  n- !; r nc- m a r - t n - n t - ‘ - f l .

TIle t~c ,--’C a -/ 0  l -h o t oem i s sio n  is t r c r n - t -. : -h here: i n d e p e n d e n t l y  of  the
su’a rfa c-n - s t ’ - t n — ’ t - , n - r a - l  mnuodc ’ i- . This  is becaus’- the cond i t i ons  an - tin - ’-
n - m m a n - e - a i i .i Ic c iava-tal line’ c - a r  I n - c e ’ (stricture and ciae -in i cam 1 c e - o p e n - s i t  n - o n )
w e-re:  c’-:p nn-’teu to affect significantly only the escape portion of
tIn-e’ n-ii;otoei-;ission process , n i n - i c h  can he c h a r a c t e r i z ed  l a rge l y in
Le m m a s of e t c - n - t r i o  affinic-’, and work function. Both of these n - mn - n - r i —
mne; t enr s a- n -c ’ 0-n -I c rimentally measurable quantities. Surface structure
arid n-urfn-icc - A - c - r - n i s t r y  c o ul d  also a f f e c t  pho toe lec t ron  t r a n s p o r t  a - en -n - c - c -—
w -ia t via In - n - n - nd— ;n - e-n n - A~ n nn , but  th i s  was not a ma j or f ac tor in the - ;r eao -
ent - : - : r - - - n- -irme nt because of t I n - c  :n - en - - n : -’f lat - -b and  condi t ions  which  m - r e ’—
c-ailed at the photon ‘ n - c - t e r m  n-c’s of un - ta - r e - n e t.

The n-n - in -ni of the p h o t c n - c- rn-c-i ssion a-tn-i’: was to understand the emission
treat t in -c -- intrinsic n - u a t a n m ; t c -  we-il enough to be -able to pred ic t  the
photo-- tc-otr n-c 0-In - ;v io r Cf a- catin-oclci formed front - —t ync c-mate rial. The
t b a r n - a s h o l d  c i l i a -n -  ic - t i n -  wa’ s of p a r t i n n -u  I ar  i:;tc-- rn- st because of its n-iso in
de ter; ii mn - iim - n - nnli otn; -lectric t;n-reshold and ultimate pho ’osi:masit ivity,
c-n-I n - n - I c-c h--cause of un -In -i- pocnsibtlit:y of obse rv ing  s u r fa ce  s tan-to en - t e s t —
S - - -a . T n nn - imn - t - c - i - n i t in  tin-c t h rc - - m i ; o i d  cernj,on exp lains eta’.’ tn - mn - photo—
elect m it: nn -o; n - sc -mrc tn -n ent~ c-c-re not -n- m-:tena n-leeh to in-ighnr photoin- energies
i n - n - ’  1 ;;; 1 - n - h i n-. r en- SAn cia i -c r ;Ic -r ,.

Tin-c con ecn - sm~ - ;~;:y of t i le :  n:u~- ,a ,--n n - ir ed work tun ,mt n-on (-1 .7 + .1 -_ V)
Wi’ f t  ~0 n - - n u ( n - l n - sh e -cl  eta-tn-a was En-oil— c- -ci ou t  n -n  fec  • I l l  . 2. It wan - s
also m a - n - n i n e - a m  n -h e r e  , en t I m - ha -a- ~c- h f tin - -- - n--Jerk of Jcar aes  n a - U  - I e m i n - t r i e 18
that t n  - cl-n-an u e r r f n u c -c w -:, e de-~n -;n - - r a - t el \- ’ — t y m n - c -  Au -n - to I n - l i e d  ac—
c-a: - ’ - - — I ikcn - su r f ace  a- tn -tn ’s bet-;,-- the vrt len - c- - h n - a - n ; t mn - an - -: m um . This
n-u me a -l im i t - I ic-n was ma~’c-ess-a cv hc - cn -in -msen- , as men t ion -  ‘U a n - h n -a v e  , tn- t n  - uresent

n _ In n - m r - n - c - us n-c a n-: rn-ct n - u n - t e - i l  f o r  c t - - a - n  s u n i n i - : - - ph -n - t~n-- -t n ;cn tnric stein -lies.
‘ l Im e i t, - ‘ l en - C of mi ~~n- Vflci n-i cn ;t e-nem n - n ’’’ n - tn -  n-n- n a m s t ; r u r t - ’d by o tt ;er  m ’ a - l n l i s I n - e-U
wor n ‘ ‘ n-

I f  P -n- ia - son ’s -n - n - c i a - a -  L i -  n u n -  is c - en - 1—’ - 1 for ‘ic rrn aninum-; in than bent— n ;ara~-h
r e g i o n , i t  - ‘- n - mm be shown fain - it an e ; i o~: t r n c  f i e l d  of cat l nn - a s t  2 .  n- :-m mA C
m a l t s/ c c -u  m n-n - c n n - m i m i c - e d  to ta- -rn - il t i n - —  cnn -n y ip ’  i n - r i - I s  a- LCi n- n ; -n - i d p _ t i m / c - I 2
‘I’his c - - s i l t  is 1 ~r an i n t ri ; ; s i c  samp le w i t h - - c m  c - n i r f a - c i’- s h u t -  n . For
Cc” (lOO) , t in -’ - -  ft c - -I d i n - —’ n ; Op  h a - h  kin- ft ll~c-d uc - ’ cn  tin - : - — l i 1 n - -n - sum — n -m e -c- states
ma I t on ;  ‘na -n - i a - u n- or bc- i ow c-t i c -  - ‘ - n I ; - m a e a~ - c - - u  n - t i  n-a:-: ; -- ne c - - u . By Gauss ‘ l am ” th e

1 n-

sur’.n- n - n’ - - (n-i ‘n--a t tn-on d i -m ;m ; i ;iirmnn -d n - n -  i _ c - in - _ i a-ea t - tin - is f ; - ;  11 iS 2 n-n - tn -n -
m m :  - - t h e  in ’r ~ nsi c c-’ irr jc- m cn - en -n c e’rn -tm n ati on (i n - .) at room te ’m’i

m y ’- ’ ’  ‘ i c - -  is 2. 1 x 1- -‘ c : ’ ’n- fo r  - n -~~r m m i a u n i n m n , t n - n - o r e  i r e -  s u f f i c ie n t
o I ‘c I r a - m i  :~ n t h i n : -  - ‘ - n m ,  n i ; ’  Lion band to a - a n ”  - I v t ho ne - -c- a-a-ar c h a r - i c ’ .

Tin - cr s m - n - - ’ ‘ t n - a t t n - i n -  r i f e - - n , ’ -~~n I :  n- In - it e n - -  ‘c- n e  field , - r-: t -n , i : n  r o-a-d ;l ’-
a- I ) - ; 1 n ~~ ’ le m n - - ; t n ;  n - n - n - to t i c - -  S a- f l P l e’ ( ‘ - S O J  ,~ or n~ , ’)  ‘ F i n - u s  e l i s t n n - nc c- is
much ( n - r n  niIc -r in n -h- men - m n c- Se’a - t m,” c i t - - i  I L  f i r  r - t n - i t i n e h  - - ‘  m r-s 1 eVe- f l  i t

— - -
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the low photon energies  used in tin-- - n-’xpe;rlmomat (1.5 to 3.5 cv).
While there is no published data available on tha n- photoelectric
escape depth fo r  germanium at low pho ton  cn c - r m ; i e s , t in - i :  r n - n - s u i t s  of
Al len 0 and Gobeli 4~ suggest that tF ;c ; v a -h u e -  is p r o u n u c l y  very smal l
( Z < 5 0 A )  for  a l l  photon energies  at  w h a i c h  m ; h c n - c t r o m i — - n - l e c t m o n  scat ter-
ing (pa i r  p roduc t ion)  can occur.  Al l  of t h e ’  phot on  energ ies  used
in the present experiment fell above tin-is threshold , so that band—
bending  was not ex t - icc-ted  to a f f e c t  t tn - e~ p h o t o e l e c t r o m n  e n e m a - n - . ’ d is-
t r i b u t i o n s .  Even if the d i s t r i b u t i o n s  were a l t e c -n - - I  s h i g i i t n t y ,  n - in - i s
would not affect the positions of the high energy edges , - - ‘in - i nn - h ; were-
the only features actually used to identify emission mechanisms.

In order to unders tand the changes  tha t occur as cesium is
deposi ted on to the clean s u r f a ce, it is i m p o r t a n t  to note  t in -a t  the
cesium adsorbs , at least initially, as an ion . The ion iza t ion occurs
because the germanium work f u n c t i o n  ( 4 . 7  cv) is g r e a t e r  t in -an t in - c
first cesium ionization potential (3,98 eV) . Adding  cn -nn - siur n to the
sur face  can also be thought  of as add ing  d o n o r — l i k e  s t a tes  to the

- 

- 
s u r f a c e  somewhat above the Ferm i leve l , from which  e lec t rons  empty
into the unoccupied intrinsic surface states and somewhat int.o the
space charge region . The filling of the surface states causes tin-c--
energy bands to bend downward , heaving the surface increasingly mn--
type. In many alkali—semiconductor systems this process continues
until the Fermi level encounters the adsorption—created states
hi gher in the bandgap . The dens i ty  of those s ta tes  is equal  to t he
s u r f a c e  dens i t y  of a l k a l i .  In no case is the interpretation of the
observed band—bondi ng straigh tforward  or unambi guous . This is
because the energy d i s t r i b u t i o n  and/ or  d e n s i t y  of s u r f a c e  s ta tes
changes  d u r i n g  adsorpt ion as does the occupa t ion  of these s ta tes.

The G e ( l O O )  b a n d — b e n d i n g  as a f u n c t i o n  of ces ium coverage-  has
been studied quite extensively by Jeanes and Iiem larie 1-8 . Their rn -—
su l t s , w h i l e  ex tend ing  only to the minimum work f u n c t i o n  coverage ,
show that the Ge (100) surface remains degenerati i~’ n - n - - t y p e’ throun-uin-—
out cesiation. The s-aries of EDC ’s “s. cesium coverage ( h a  3 . 2 5  eV)
observed in the present experiment (Fig. 28) indicates that there
is  probably  l i t t l e  or no a d d i t i o n a l  dev i a t i on  f r o m - n -  p — t n - - t i e  c i n -~je m n - e r a cy
between m i n i m u m  work f u n c t i o n  and sa t u r a t i o n .  The s t n u b i l i : - u n - m t i o m a  of
the Fermi level at the valence band maxim a-urn is -also supported by
the agreemen t of the ~2/S threshold (1.52 + .oi  eV) n--;ith the meas-~m r—
ed work function (1.52 + .10 cv). The Ge/C s EDC ’s (Fi g. 25),
plotted vs. hn -in a manner t n - h a t  reveals  the em:- : ;rqy of the i n i t ia l
states , ver i f y  that the threshold  om ission is l a r - n - n n - l y  va lence  b a r ;a I
emission . (The i n t e r p r e t a t i o n  of the Ge/Cs EDT ’ s is d i scussed l a t er .)

One of the i mportant results of the ban cl—b n -undim n -in - invc- sti- m tion
is t h a t , u n l i k e  several other  a l k ah i — s e m i c o m n - d u c t o r  sy st ems , t j m -
Fermi level for Ge (100) remains very c-m n - ar tin-c val e-n -n -c - :- band maximum
n u t  a l l  ces ium coverages.  C o n s e q u e n t l y , the ph o t o c m i s s i o n  from n- hn - n
filled surface states is largely masked by the valence band ci n mn - c ribu_
Lion , n-flaking it impossible to conclude much about the ;ut m rf a- ce state-
d e n s i t y  or d i s t r i m : n m t  i - a m; . Al l  t in -a t  can r e a l l y be s a i d  is t h a t  tnt: ’
- n - i n - m r - i c  c o i n - t r i b u c -n - - d  by the  cesium to the  s u r f a c e  s ta tes  combined
with the changing surface state density is insufficient to sin -itt
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the energy ba nds by more tha n .1 cv. In view of the behavior of
the surface potential for other alkali—semiconductor systems as a
turiction of cesium coverage , these observations may indicate that
the  adsorp t ion—crea ted  s tates , which are p l e n t i f u l  at  the  l a t t e r
staeJc;s of deposition , may lie very near or even be low the val ence
b a - mn - - n - i  m;iam’:i iun n un n - .

Ama examination of the Ge/Cs EDC ’s as a f unction of photon
energy (Fi- ’. 25) helps to clarify the threshold emission. The high
energy edge-s of the distributions are of p a r t i c u l a r  i n t e res t  be-
cause they represen t em ission from the highest  ly ing filled states.
Surface- state emission would appear in this region , if presen t.

It  is evident  from Fi g. 25 tha t  the high energy edges of t im o
Ge/Cs EDC ’s are nearly coincident for  all photon energies measured ,
indicating that indirect transitions dominate the threshold emission.
I t i s al so evident f rom the sl igh t motion of the h ig h energy edge
w i t h  photon energy  near 3 eV tha t  there is some accompany ing d i rec t
behav ior  at t h a t  ene rgy .  These obs erva tions are in subs tan tia l
agreement  wi th  the r e su l t s  of Jeanes and Mu l a r i e , which are va l id
for  the min imum work f u n c t i o n  s u r f a c e  but are expected to ca r ry
over to the sa tura ted  s u r f a c e  as w e l l .

A closer exaim irn -a i t ion  of the Ge/Cs EmJ C ’ s near  3 eV photon energy
reveals an unexpected char acteris tic of the hi gh energy edges.
Rathei -  than  appea r ing  as a shoulder  on the ind i rec t  back ground as
observed by Jeanes n -n -nd Mula r i e , tiae d i rect  emiss ion appears  more
as a separate peak at higher energy . The difference in time two
c-bsen -vations stems most likely from the be tter ener gy resolu tion
experienced in the present experiment. ‘rhe existence of a direct
peak h ighe r  i n ener gy than  the corre sponding indirect peak imp l ies
tin-at c-he- electrons contributing to the two peaks  or ig ina t e  f rom
different- initial a-tr ite-s. If the two peaks in-ad orig inated from
t F m ’ n n -  same initial s t a t e, the d i r ect peak would appe ar lowe r in
n c i m e r c J y  t han  i t  a c t u a l l y  does.

In vie-v of th i s  - - i n - s e r v a t i o n , a logical i n t e r p r e t a t i o n  of t h e
e n - c - /Ca; EDC’s is tha t the la rger  indi rect con tr ibu t ion orig inates
f r om the F

~~~
, valence baxn-d maximum , while the smaller direct con—

triliution originates from surface state levels. While it is pos-
s ib le  tha t  the observed sp i n - o r b i t  sp l i t t i n g  of the valence band
at the 175, point could also account for this behavior , it is un-
l i k e l y  that the emission from the higher—l ying 4—fold degenerat~’
level could be so small. Also , the split ting of .29eV is much
n n r e - a t  or than the width of the observed structure in the hi gh energy
edges. The s u r f a c e  s t a t e -  i n t e r p r e t a t i o m n -  is t h e r e f o r e  favored .
TIn - n- surface potential appears to fall betwe-ein- .05 and .1 eV for
this surface.

The eAn /Cs ”O in - tac  ‘ 5 (Fig. 2’-) exhihi t a- bi n -- in - ac -ion - simi lar to
t i n - c ’ C- /Cs EDC ’s but  n r c - n - t h y  , u c c e r n - t n m a - t  ‘ i t .  iivi~hentl y ,  some b a - m u - I —
cc m u m ! i n -  toward  m n - — t y p e  occurs d u r i n g  ox i d a t i o n .  The e x i s ten c e -  of a
sc~m a r a - t c  n - h i r e - c -t peak in tIn-ese curve - s is obvious , especially win - -rn-
en-Ofln - t a , i r L n’in- l t I n - n ’  2.75 and 3.00 ~~r ’  curves. It is also clear from a
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cn-omr )ara-~~)!n of n - I t .- two c ur v e  n-n- t t n- ,an- t the h ig h  energy  edges of the two
c - , r u t n i b - i ’n - i o n s  an- a t- s epara ted  by -- .25 eV. This  va lue  should  be very

m n - a r  n -n - e—jual to tn -n -c s u r f a c e  p o t e m n-t i a l .  Again  the l a r g e r  ind i rec t
- :n ponn - c in -t is due to valein -ce ban -n -U emiss ion , whi l e  the s m a l l e r  d i r ec t
maorg n-one;mit is due to surface state emission. This conclusion is
‘r o n m n - i s t a r . t  w i t h  tn - a c  observed pos i t ion  of the Fermi ] c v m a l .

The n - l i c-oct  emiss ion  ev ident  in both the Ge/Cs and G-:/Cs ,- ’O
~n - h C ’ s can be b e t t e r  unders tood wi th  the aid of the E vs. I - n - n - a g f a - r n
- - f  F ig. 29 .  There is some ques t ion  as to whe the r  such a d i ag ram
( w h i c h  cup-p l ies  to the bulk  l a t t i c e)  cain- provide any u s e f u l  i r m f o r r n a —
t ion at a l l  con;cerning direct transitions out of sur face  s tates ,
s ince I s—conse rva t ion  requi res  tha t  the t r a mu s i t i o n s  be pa ra l l e l  to
c-he s u r f ace  in rea l  space. Such a r e s t r i c t i o n  appears  to l imi t
the transi tions to h igher hying s u r f a c e  levels , a l though  t r a n s i t i o n s
could also occur to bu lk  s ta tes  p rov id ing  tha t  the i r  wave f ux n - c t i o n s
- :x t cn d ed  to the-  s u r f a c e.  The l a t t e r  appears  to be t rue  in the pres-
en t  e-,’c n- e r i m e n t  s ince the emission seems to be c h a r a c t e r i s t i c  of
t r a n s i t i o n s  to bulk  l e v e l s .  The onset  of d i r e c t  emiss ion  near  3 eV
cu r r ’n-- n- n -pe ’n -el s c losely fr -a- the 12r ‘ I 2~ 

s epa ra t ion , w h i l e  the behavior
m n - c l  n -u -,’ 2 cv is cin -a r a c t e r i st i c  c-n -f d ir e8t  t r a m - sn - t i e - m s to ie--’ n-an r l y i n g
- ‘0’ i a - n -’t ion h armd ie’-:els t ie r -u  relative - i ‘,-‘ f l a t  regions  of t~-- space .

The two sets of d i s t r i b u t i o n s  can be used to check the  r e l a t i v e
n i r n  - i a - n- of b n - a ni :n -—lnrmidirn - g b e t w e e n  the two s u r f a c e s .  They must , howe ve r ,
be - r  a h i z e d  to each o ther  before  any comparison can he made.  This
f - i s  been -I ’ine in Fi g.  38 , where the  Ge/Cs and Ge/Cs/0 3 . 0 0  eV dis-
Li  ,, - u n  t o r n - s are shown . For both s u r f a c e s  this  was the photor energy
‘~~~i ’ c -  n- n - u s e - c l  tIm e ~nr ’n - a t e st  excu r s ion  of the h i gh energy edge . Ex —
t r .  u - n - t h e n  of n - h -i -c - two i n d i r ect  edges r e p r e s e n t i n g  valence band
i n - m n - a - s i  ‘n - n - n  snn - :ws t n - n - a t  t i n - c -  hands  bend ‘~- .2  eV toward r i—type  upomn - ox ida—
I n n - n - n - r n -. ‘FI n - i s  c- - n ; n u l t  a- tr ees  w i t h i n  ex p e r i m e n t a l  error  w i t h  the value
c-n - l c u ] a t n - ’d f r i - - n - n- the wom - h f u rct i o n  and ph o t o e l e c t r i c  th reshold  data
( : ~e - cn .  I I I . 3. U -i n n - U I I I .  3. i t) ,  and also w i t h  the d i f f e r e n c e  in

er- n- i n m a t e - i  s u - r f , n - c E - n n n - t ( - n i t i a i s .  The i n - a - m n - U — b e n d i n g  and work  f u n c t i o n
n - n - s u i t s  a-r e ’ sn- : m u u m n - u , a i r i z e d  in  F i g .  2 4 .

3. n - I n / C S / U  S t r u c t u ra l  ~‘ -IC)d el

- i ,  -e a n - n - u n -  in - c f t n-n a E SEI~ Data

T i n - n - c - - n i t - i n - i l use of the E SER Iota  fo r  detern’ i m n - i n q  a c t u a l  sur—
i n - u n - r f l n- - - n - n — n - e n  m c - i ons has b ee mn - du nn- u n - u s e - I  in Sec. I I  • 7 . The cx —

i -n-” - n - m e r m s i t i - - i t y  of the measurement  to fr/i c- ar r am:q emie mn - t of the uppe r-
most  a - L o r r i c  l a y e r  has bee -n no n - a - -U, as was the d i f f i c n - m i ty of da ta ~~
interp retation. The saris; sein-si t iv i t v  t in -at  was observed by Che mn - ’
v - i c -  - m I so  oh~n i- r -c-cd i n n -  tin -c ~i r e m ; i - n t  e x m ) - n - - y r . n u n n - n t .  T in - i s  is eu -r n - mo n a- t n - m n - t e d
In~y the c o n s i a l - ’r a h i in -  c - : n n r e i c - n -  t h an -n - l n - l m c n - i r  in mA n - c -  ES !-aI ?, da ta  upon ces ium
c - - l - n - m n ’ i n - r n -  ( I - ’ r o . 2 1)  , at the same t i m e  fa i n - ni t, o n l y  sl i g h ’n changes ,
i f a - m ’’n- ’ , - n - c - c u r  i n n -  the  und ’ ’ r i v m n q  i ; c - r n ; I c n - m n - i - ; m n - n  s t r u c t n m n - - ’ .

- m i t e a- ’ em n - r t. hn s  been n - m -’n- U n ’  I ’ - ’ r e co n c i l e  t in - -  c~~- - - n - m n -  s u r f a c e  E S I I P
:‘~~La wj ~~h t h e  C c - ( l O O )  U n - f i n n - m c i  h e - n i  d a t a  of  E r i c k s o n  l

• A corn—
r ani - i son m n - u n ’ u t ’ n n - ;  1n - a t  ‘- he 61 c - ;  h - - n - n i h is lmAo ly a sec ’onn -d o rde r  Bmnn - g~n-

‘ m i  rmn -’ r m ’ n - rn — a - n m  I ‘ n - - n -n -  c- y e n - r n  t n - n~’ I . -~ Cu spa-:,’ n-m g be tweet: successi n-n-n- ( 1 0 0 )
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planes. The 8.5 eV peak could we ’Ll be the first order m i n t -m i - c - n - I , i c - n - u t
this is purely speculative because of the uncertainty in the iimn c r
potential correction. It is not likely that m -n -lt i n - n - le scattering
theory will soon be applied with success to Ge(lOO) . The l~n-rgol a t t i c e  s p ac i n g  and the cova len t  n a t u r e  of the b o n d i m m n ;  p re s e n t l y
make it d i ff i c u l t  to obta~~ a n - : c n - i i a - b l e -  p o t e rn t i a i  f c r  c a r r y i n g  out
the r e qu i r e d  c a l c u l a t i o n s

Because of these d i f f i c u l t i e s, the ESIm~R Urn-ta was used p r i m m n - - n - r i  ly
for i d e n t i f ic at i o n  and cornp ar is omn -  of sen - c tru ce ’ s . The-sn :  e f t ~ii ts  n- .’e;e
l a r g e l y  success fu l  hc , c a i m s ~ — of t he -  h i - r O t  r e or o du c i e - i l i tn :  of tn - i t c  da ta
for  a given s u r f a c e . There was a l so  am - a t t empt  to cheaw some con—
c lus ions  about  tin -c ces ium ox ide  s t ruc tu,r e f rom the deve lonru ien t  of
the ESER peaks d u r i n g  ca thode f o r m u n - a t i o n .  This  u s u a l l y  r e c o i n - e n - n

- 
- - a s s o c i a t i ng  the development  of a ;n - n - m r t i c u i a r  r e f l ect  i~~it ’:  peak wi  t i n -

adsorp t ion  onto a p a r t i c u l a r  s u r f a c e  s i t e .  The poss ibi li t :~-’ t n - na - t
n-a rch  an -n -i ssu ,-- -,m t i o m n -  migln- t not be v a l i d  was alt -n ays kept  in rid m n -n i .

b . Cesium Coverage Determination

The possible sources of error in the cesium cove:n-uge naeasm~rc--
mein - t are l i s ted  in Sec. I I .  4 .  Of the var ious  f a c t o r s  men t ioned
there , th ree  have a si g n i f i c a n t  h e a r i n g  on the  p r e - s n - r i t  m e -cu l t s .
‘ t Im e - se  are depos i t ion  u n i f o r m i t y , depos i t ion  area , and  srnic ~n- rn - it
kn r o b a h i l c t y . The let t e r  has  been n~ai~lected so mAn - c i n  t he  d i s c u s —
sioun- ain-d will he treated following a summary of t he  en- f-n--ct of d cp m n - - s i
c-ion uniformity and area. Briefly, the  coverage  e r ro r  nl e r ev ~~ ,n
f r o m  ni m ’unne- rta i ruty in the  doposi~~~pn u n i f o r m i ty or a - r y a n  ~- m , i n
These e r ror  1 e m i t s  r epr e s en t  ~~~~~~~~~ for man L fern-rit e-, ~ for a- n an - n t , - i nn - h

3% for instrument error. n-he one—m;ideel error limits reflect t t n -nn -
thact t h a t  the cesium coverage ne -m s aiways greatest at tin -c cea-tcn ’ of
c - h . .  sample where a l l  of the experimental data was taken , and tin-at
the -n-’-c-vcrnoJc c a l c u l at io n s  were c a r r ie - c l  out  u s i ng  the mam-ni m u m s , mmn - . : i l e -
a r e a .  These conch c- ions  assured t h a t  the measured  ces ium c c -n - vc rnn - eJ u
rem -rusc in - t- n-n ,I a lower boun-n-d for the -ac tua l  coverage , p r o v i d i n g  t i n - c -
s ti ck  en- n i p n i n - m n n - u I n - t 1  i t -  was w n- i ty .

W h i l e  the a n - n - n - c e - l u t e  covc-- ma a iq n - - n a n - c i s u m n - e n m n - - n : - i n -  t a - were  an t f ec t c ’ -. i (a;
both uni furinity a - in - el area , relat ive mea n--n- ’e m r c i n n - e - ! n -i s w-n- c  -n - n - a f f e c t e d  -n - :n n - l y
by uni formi t -- . This t r u e - c -  made it possible to isola t n - a n n u n u i l n - r  of
trimm e r-: n - u ri c - f--ma tures in-n- the-c- w om n n - n function and in- f l ect  i-c ,c t n -  - nm n - m t - n- - ‘~~ th
re-a-pee- t~ to Ces ium n-n-ow -c -n rn - i n - c . fIn - c- -n On - - cli t~ cnn- den - - - r r - n -  m r m e i n c - ian - c-n-
c o v e r a i n - n - - n - m ;  was enhanced in co in -ne - in s t ances  ln -y u s i ng  t h e  nn -o l , c - cul an - :
source for  n -i m ! form - l e n s - si  c - i n n - n  ma nn - I  i d e n t m  f y i nj  the  s n - n u n  [ - :mces In - V - “ -n - -n - a k

nc- t ion. ~e n u n - h - n -  r of t In- cn - a-O en-mpe - r iments I e - u n -~e i n - c e - r n  Ut ; scr i b~~d m~ r,
i~

- - e - S .  [I I .  3 antI h r .  -I .

Dy using t n - n - - - molecular amn-d n - e n - t n -  S O n - i a -  - - - in t i n - i s  c o r n - p i e - n - n e - m n - t n - a r ’
f a s h i o n , i t wa - a -  floSs i t -  Le to e s t a n }n - ’  tish n - I n - n t  em- ive  r , ’ u~ e-n-n s - n - I n- - at - . n -  e n - n - n -
occur s at leas t . 2m beyond ti_ Ic

, work f u m i c t n  i on - n - in- i nn - i n - n - i n - i , me -m d ‘ i t  c - I t ’
n -- i n c-k f n - n - : e - m t  i -rn -a mini nuiurn occurs a - m~~ m n- - n - n i c - i n n - n - clv . i Sn ’t tn - n -  - m t n l  the ~n-~~ i : m t  a t
which the u r n - n - - i -  -n - ln- i rn - ges t - i i - ~e ’ n - - i  n - u i - - - in - n -  t I n - - m n - i - n - tn - E l -n- Inn -ta . Tin-n : I n - t n  en
-n--eve-mn -a-ge - also si gn a l s  the p o i n t  at u- - m u c h  - - a i h i t i o u n -  of o m - y p n n  t . i  tn - m n-
se ,r f ac: e:  d e c r n n - a se s  r a the r  t t n - , i m a  t i n - c r e a s e s  t I m e - n- work n - n - i t  icn . Proc-n-
tn in -e e r r - i -  l i m i t s  I- h u t  c - r n - l - l c , it is m n - a l e  tn-n- _ a - : tin m t  n-a ll  t i n - c c - c  poi :n- t~
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occu r at measured coverages at or beyond . 5ma and th at sa tura tion
occurs at a coverage >.85m. The major departure from earlier inter-
pre tation is tha t cesium satura tion occurs beyond r ather th an - ma at
the work function minimum .

The matter of sticking probab ility complicates the coverage
i n t e r p r e t a t i o n  somewhat.  It has been assumed so f a r  in the d i s —
cussion that the sticking probability of cesium on germanium is
unity throughout the range of cesium coverige and drops rapidly to
zero at saturation. While unity sticking probability is clearly
an at tractive assumption in view of the chemical reactivi ty of
germanium to cesium , such a r e l a t i onsh ip is not c e r t a i n .  It  is
reasonable to say , however , that the value lies near unity in the
low coverage range ( E l < .5 m)  on the basis of the LEED structures
observed there (Sec. III. 3. b). The AES results of Fig. 16 imply
further that the sticking probability remains constant throughout
the range of cesium coverage , providing the relationship be twee n
Auger peak heigh t and ac tual  cesium cove rage ca n correctly be
assumed to be linear. Ion energy was not expected to be a factor ,
since ea r l i e r  studies 46 indica te tha t the zero cove rage sticking
probabi lity (Cs and Ge(l00)) does not vary by more than a few per—
cen t in the 2—50 eV range. Ion energies in the present experiment
were -.2 eV. -

Perhaps the most convincing support for unity sticking ‘~~oh—
abil i ty comes from the work func tion da ta of Weber and Per ia’~
fo r  var ious  semiconduc to r—alka l i  systems . In these s tudies  the
authors were able to correlate break points in work function vs.
measured  coverage curves wi th  the f i l l i n g  of p a r t i c u l a r  s i tes
on semiconductor surfaces. The G e ( l l l ) — Na , K , Cs and S i (l l l )  —

Na , K , Cs da ta quite c lear ly  indica te uni ty stick ing  p robab i l ity ,
since the break points are consistent with the expected site oc-
cupation. The Ge( 10 0 ) and Si (lOO ) resul ts ar e less convinci ng
because the break points are not as pronounced. The work function
m in ima , however , occur at coven-ages consistent with unity or near-
uni ty sticking probability .

On the basi s of these argumen ts , it is assumed that the stick-
ing probabili ty of cesium on Ge(lOO ) is unity throughout the rain -crc
of measured coverage . The actual cesi~~ govera ge therefore d i f f e r s
from the measured coverage by at most - 3- ~ 

w i t h  an added ± 3%
instrument error. Any disagreement with the unity stick mn -n -en - ~n -c -O hm —
ab il i ty assumpt ion would probabl y require a major reinter r- c -t ,-mtion
of the structural data.

c. Cesium Adsorp t ion

It is evident from both the ordered structures o i - n - n - ’ r v n n h  in th en -a
LEED pa tterns and the sh arp diffrac tion features observed i n - n -  the
ESER data t h r o u g h o u t  cesiat ion tn- mn -at the cesium adsorbs i,mn - n-m n - n -  c n - r l e - m a~ n - i
fashion onto the gernani rmm nu surface . This is cert mn - imn - ly n - rim e - in n - n - n - -
low cove rage region (p ’) < .5m) where LEn-ID indicate -en the exisf~ cc
of several distinct surface phases wit.h at least partin -l en- ne - i- r i - n - e n
(Fig. 19). The apparent insensitivity of LEED to n - n - n - i S O c -~~ t i c-na in

-I -I

_ _ _ _ _ _ _ _ _  ~~~~~~~-~~~~~~ - —- - - - ~~~‘ - ~~~~~~~~~~~~~~ — ~
- - - - - - -— -~~~~~~~~~ - ~~- - -— --~~~~~ - -- - —- 

~
- - — — —

~~~~~
---



- 

~~~~~~~~~~~~~~~~~~~~~~ 
-- -.------. ‘—- - -  

~~~~~~~~~~~~~~~~~~~~~~~~ 
---‘-

~
.- - — .‘,‘--“ -.- -. ---‘—

the region beyond .5m raises some question as to the long—range
order for those coverages , espec ia l ly sin ce the ESE R data is no t
necessa r i ly  sens i t ive  to l a t e r a l  s u r f a c e  spacings and therefore
cannot be used to detect lateral surface order. It is probably
sa fe  to assume , however , than - the final Ge/Cs/0 surface has excel-
lent long—range order solely on the basis of the sharp , intense ,

-
- -

‘ low—background LEED pattern.

The LEED observatio n -ms also nule out any adsorption process
involving recons t ruc t ion-n -  of the n n - d e r ly i n g  germanium s t ruc ture,
since the 2x1 features present on the clean surface predominate
throughout the entire ra e-en -c of cesium coverage . The occurrence of
both 4x3 and 2x3 features in the .1 to .3m region further demon-
strates the strength and in f l u ence of the underly ing pai red row
structure. The existence of such features suggests that the cesium
adsorbs randomly at distinct positions along the paired rows but
that nearest and next—nearest neighbors are excluded. The exclu—
sion undoub tedly breaks down as the adsorption proceeds , since the
1/3—order features disappear with increasing cesium coverage .

Random adsorption with exclusion in the low coverage recien
almost cer tai n ly requires the forma tion of antiphase doma ins 4~
on the surface . The effect of such ordering upon the LEED pattern
can be demonstrated with the aid of Fig. 39. Several types of do—
main relationships are possible , depending upon the cesium cover—
age. These are illustrated in the figure along with the resultant47LEED pat terns de termined using the formula tion of Park and Madden
The beams a f f e c ted by the presence of an tiphase domains are indicat-
ed by lines , which denote streaks. For the domains shown, only the
1/4 1/3 beams should he affected and only in the .055 to .125m
range. This observation fits well with the actual features which
occur in the LEED photographs. The same reasoning can be app lied
to show why ant i phase domai ns should have no e f f e ct on the 1/2 1/2
beams in the coverage range where they appear .

The sharpness of the 1/2—order LEED beams in the low coverage
reg ion (0 < •5m) impli es that  only one type of si te is being f i l l e d
initially. If such were not the case , the developmen t of an tiphase
domains would cause the 1/2—order beams to streak or blur. The
periodici ty o f the LEED pa ttern indica tes that  the si te has a 2x 1
di str ibu tion over the surface , with perpendicular domains having
dimensions  comparable 0 to or larger tha n the coherence width of the
electron beam (-.1000 A). The si tes migh t well he the “cave ” si tes
between the paired rows as suggested by Levine6 , or alternatively
the “pedes tal”  sites atop the rows.

The developmen t of only a single new peak in the electron reflec-
tivity data (at B) in the low coverage region also supports “one—
site ” ini tial adsorption . This evidence , of course , is dependent
upon the valid ity of associating B with a particular adsorption
sic - n - . T1n-e steady growth of B in spite of the changing surface
periodicity suggests that B arises from a Cs—Ge spacing rather than
from a lateral Cs—Cs spacing.

Th e sudden appearance of new peak s in the r e f l ect ivi ty da ta
at .5m suggests that a new cesium Site is beg i n n i n g  to be f i l l e d ,

45 
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presumably  fol lowing the comple tion of the fi l l ing of the f i r st
site. The new site , like the first , has 2xl  p e r i o d ic it ~ but  is
undoubtedly energetica l ly  les s f avorab le  for  adsorption , a t least
in the low coverage region . One possible configuration consistent
with a f a i r l y  even distr ibution of cesi e~rn - over the cnn-c-face is one
in which the second half—monolayer of atoms occr n-nn -ie s sic -in -s along
rows midway between the 2xl rows formed during time - first in-alf—mono— - -

layer adsorption. Whether or not the “se-conch ” sit-a-s an-n-- comp le te ly
filled at saturation is not clear from LEED , siutce LEb [) was not
particularly sensitive to cesium adsorption in t hi n - m t rue -c-ion. The
AES results indicate at least a mj a r t i a l  tilling of tn- he -rem sites.
These observations depend somewha t upo n c - l u ,, - abil ity c-c- ~,i e - t e r n ’~n- r n-a.
the ac tual ces ium cove rage , a to~~i - c which has b e - -n  discussn-d in
Secs. II. 4 and IV. 3. b.

The difference between the two cesium site- s is m a rt i n - - ar c t - c - m u o n —
strated by the ac tion of oxygen c~n- -i the work function of tn -me somat ic
in the two cover~ qe rar:~ n-c-s . For initial covernuqes less tin-ann - .5m ,
the effect of oxygen adsorption is to m en -r n-an-n c the work function ,

• while for coverages greater than .5m , the effect is to decrease
the work function. This behavior implies tin-at a noticeable vertical
separation exists between the two cesium layers and that t in-c en- m c - : - ’ic -n
layer lies midway between. This arrangement wouln-h allow t h~n- cm~rm ’n- ren
atoms , which act as acceptors and receive net cm n - i r ge - during adsorp-
tion , to cause the observed work function shifts in the n-na ) re-c-ions
of cesium coverage .

The initial cesium layer (-I . 5nn i ) most likely lies in-n- t I ’ mcn
“trough” revions between the q e r r e n n - n - r ; i n n n  ;h cn - nhlc rows , and Lie-rhaps in
the “cave ” si tes so labeled by Levine. The second cesium ln n - y - - r
( 3  > .5m) most likely occupies the “pedestal” areas -n-n-’n-nsistent
with an even distritn-ution of cesium oven’ t I n - i n - n -  sn -n -rn - face. In tin-is
conf i g u r a t i o n  each layer  would  have a 2m -m i periodi c-it-,’ w i t h  n - n - c - s i - o c t
to the bulk net. The oxy- - i e-n  l a n - e r , in t u r n -n - , would  ~amimac - s t  he rn -c- —
qu i re -d  to occupy the r e - - q i o n m a -  b e t w e e n -m n -  t in - e n -  “ on -n -h e - s t o i c ” in order c-n- ,)
be physically beneatin- the uppermost -n - n - c sium b e- n - c - .

d. Oxygen Adsorption

The e x p e r i m e n t a l  LE13D data is so in -me -~i r n - a t  loss he I m ,ful fu r  mr - e l — i
s t a n d i n g  the oxygen adsorp t ion  than  it  n-as  for  un d ern - - ;t i r n - d i n g  n - I n - -  - -

n - :n - -s ium a d e - - n - r pi- to rn - . The most si - - u n i f i c a n t  LEII D oh serv , - t ,r t n - - n -  n- -n - s  t n - i n - --
sharp, low—background pattern which sin-owed no e”ide-nce of em -mtr a
features other th a n - the norma l 1 / 2 — e n - c - in - a r  spots .  Sue - in -  n a - c - b i t e -
usually im n u n -~

’Lies excellent b o r i - n - — r , u r n - - n - i n -  s u r f a c e  nnen a~i e -r  and i n  this case ,- - a
suggests that the oxyejen adsorptioin- is co r-q n -i -,’te , the ci ’~ , rn - m e - c - 1,n - - n - n - n - i - -

some multiple of one—half monolayer.

The strength of the 1/2—order LEED Luin - - am- nm n sin-ows tin -a-n - t he  2 m-J
character of the underly ing g e r m a m n - i u n n -  l aye r  is d u p l i c a t e d  or
enhanced in the cesium oxide layer. The strong diffraction peak— ;
in tn-he Ge/Cs/0 electron re tn’ lue- ctivity data also impl’c than the t i m - n -  e r —
most n - a r  is well—or~~~red. The ];itter c - e n n - i n -I - n - s i o n  is b a - S e n-i lf l  In - a r t
on, ChL :n ‘ a- obsun- r--,-e-mtion ‘ tin-at tn - hi - - diffraction ; n - n n u i n - s in - n - t I n - c cc- c - i n - c - m e n u
reflectivic --.- curves arise n --rin enipa l l y from top layer sca t m r - - r i n n - n - .

-I I-
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. n-\ -~ in tin-c en - s - c - of a n - - c - a m urn adsun,re-f n- on-n- , n - n - m e t  b i n -  fornication concern—
in-n -i the role ot 0:-m a - c -r n - n- - - n - ~ n I c - c - m n - c  run-n- I from xpc - r c r - n - m a t s  i-ce- - c - ly i n g
o x i d a t i o n  of n - n n - r t n -, : n - i 1 - ,’— -:~- sm ,i t n - - .~ n-err a n - - n - k - S  ( In -e ’c ,. I I I .  4 ) .  Thc- siq—
nif icont resi n -its n - f n - n t - sua unc -xi~- n - m m r - n i - ,-m ntn -n en - rn - In— ’: sem rn -nma-arired as fo l lows :

1) n -J xye; tc- n d o e - s  c -u t  a - e I c - c -~ L- c - c - c - -i n -  f y  (i. e. , w i t h  an i t y  s t ir -n - —
i n - n - e n - n - c - n - t n - n - n - n -a- t 1 i’n-y ) - , m n - t, - d~ (100) ‘in- n- c-bout m ,n -n -ior cesi n- n - nut odsorp—
t i n - i c - .

2 )  The c - n t - n - n - i n n - c  of  - n - m - m ~ -n- i - n - n - i re-md j I; a - lson - me - e el on to a c esnat ed
L surface is pm cp- rtion -a-l , to a finsi , n - n , m lrc - m~~e n - ’ n a t I c m n - , ‘ n-to the
p cesi a-n - co --er /mn -ne. ‘ n- a r - — n -n c - en some — c - m i c e  m , m n - a t  proportion—

-n - i it y  n - i a - s  m n - u n -  h- . r nn -r ~n-.-n- c:emn-~ a-n - .~ cov eran-n- n-.s ( - . 2 r n - )
3) Early adsoemption of a m-n - ; e I m  onto a partially—ce-slated

su r f a c e  dc-es n r c - c -  ain -’erse ly c-ffe-nn’t futt ,ire cesium ar o n ~— -c-en
n - n -h en - n - r n ,, t , n - e - nn -. t tn - - a-on - un-u i a - n - i  car face , in fan - u., ru ’io~— act n - a l l y

- - b-a for rn n - - d  i - n- a m in m n - - c  -at c -n - en i - m m  arn -d oxygen -n -  e x T - c - s u n - r n - n -  a
• 4) Then u - n - u n - k  ! ,c - te’t i o m n -  o n -  a f e - I f  ‘— c u n - n s in - a mt -a- d ::1,u r t n -  n - n - i  I — o x i d i z e d

s-a r f m c i n -  , n - n - n - m c - :~~ds c - fcn - i~ a c - I n - n -c- t in - c -  arur ount of adsorbed , a m -:v n - r c -n ,
i~,-i ~uoem ,n-~te-in -t ly of when or i n n -  ha -n- ian- a nn - n - ’  steps the cn -.s - m -’ ~• adsorbed.

5 )  Tin -n -n - rrn -ac ’ mn - a t a -h e  of t i n -n  diffraction peaks inn - the P5th n-iota
from a fully—ce-slated pnm n -tn -a llv—o x ’un-iized cur /un-ce d e n - n- ’ n - c - rhs
l a r g e l y  upon tne -  en -m n -m ou nt o f adsorbed oxygen , indepen ’nden n-tiy

~ f u,jn-n-~~n-n- or i i m  ne -n -- ; rn -n -any sc - ac - -s the  cesiun in is adsorbed .

n - c - c-  a - e pc n - :n - d ern -c c- of c-he o m -my-je- ma n -n -n - Iso rjn - - t ion  on ces ium covet  n -n -g e
sin -u- -n-en that tin-c cesium n - n - n - u n - t le m n - mna - t e n - n en un-cti,-n --ly i n- the oxy -n - c- m a - - s u n - t n --ice
b - n - - c - n - I .  In - n -, ther c-he n oxygen - - bonds direct in-’ to the adsorbed  c e sfu m  or
the- n-n es t ur n  p rn - inn , n - c - c s  o x y e n - - n - i  — -n -  a i r- n - n - n -, a urn bond ing .  A n -n any rate , t . c-

en tick in - n - I n - n - cc - I - n - n -b cl c - n -’ O r  ox / - n - c - n - n -  on - n - ( Ie - ( 100)  increases  t in - on -- 2. 4 ~ 10
for then- n - n i - e n - n - s u r f a - r c 2n -  to near unit -n- after cesium is adsorbed.
in  c- r n ,fs mF es n - c -Cc t  Lu c - m m n - u - ; e n  and cesium h-n- n - c t  c o i n - m n - n e t - :  to r  s i c - i n - s

on -n - dm n - (lOO) .

The p c- s i  n-ion of t i m e  on-: , n - c t ,  I n-n- - e r  n-i t n - I, r en s~ n- en -ct  te; the  t n-cn-
n-n- en - s  i - u n - ri l a -nc - i s h a -s  b . c - i n -  O l s c n - m 0 s c - I in - n- h e - : .  IV.  3. c. The conmmen z s
n - b r -- are bu n - -u - ,I n- , m n - l D m u n - h e  c-c- h -u - -n - i -a r  of n - n - -  n-e - ‘ i c-n- n - i,un c’t - ion up-on en-x ic-i~n-—
t n - D i n -  or sian - f - -:--s un- Tn - ‘ i n i - la - iS  st n - , n o s  n - i  cos ia t i o n - ’, .  The - c - c - s n - n - i t s  i n - —
dic n - n - c - e - c-t m- tim e o x v - n - n m n -  I - n - n - - n  l r t ’ - n-m m n n - c - n - u n -~~’: t ’yt~~’c-c a n - n - -,e c-wi , ces~~n -m: n - -
t a n - e r s  in  t i n - - - i imr ec m tn - , - n - , a: , - , - surf1n -m:e r n - n - t r i a l , n - n - r n - I  S m - a - n - n - n -  f m n - n - t : t a - t i o r , s

s m m - i - ,n - i - - s t -  f m c - ’  ,, - n ’  t b-i t t i n - c -  o i - :y - n n - n - r_ j j~ s i n - n -  t n - n - c’ ‘~~~ m o t : - n - h n ” m u - - n - n - n- n - mn - s i n - c - n - n - c a i n -n
t i~, - ‘ Ii - c -n - ,  i n - ’  r - - n-n- n--

in - n - -  a : - -~, - , t  o~ n - j m-: ’, ’qu , : , i n ,  • i m . - e -  n - / i n - u  n I  i i . - n ‘ n - n - n - s  -
- i n  -ren ’ a n - n - n l y

m o l s en - r - - - n - : . The e x c ’- i 1~~- m , m  n - m n - : :  n - -  en ’ -n - c  i- cm ( ‘n - n - n - t n -  i,1N I,) n a n - t n - e l -n ,
i l n - )~~- n - ’ n - - c - , - t a - i  - , c- : - : i s ’ c- ’n -c ’ n- ,- n -  - c - c -  - -  - 2 :-n i f c -a ~ r u - S  i c - i n - m t  r n - i  t n - han -

, , ‘, i n - X ’ n- ’ ie - ( ‘ c - - i ’ n - t, n - n - n - -  sc -r u r •~~ ‘ n - n- l e n  of c - n ‘ n - — n - n - n - I f  nn m n m r ~~n n - y c - c - .  n - n ---
n - i t t - - m n - n - n - n -  eo.~ - - I - -  t o -P t e n - n  n n - n - -  a i c e  n - r n - t i m - c  n-n -t ox’,c - ne l n -  f r - n - m n - n -
e x : - - ,> - ; c - r - - n. nrt - n - c - I ; - r , , ; - n r c -- c - , - - : n - n -, - -  m r - - i n - h r  -‘ n n n b ~ ’ n - n - e - , - ,t  i - m r

, n n - y~~~~ I j n < 1 n - t n - f l  p - . n - s  I u c - , t ,n - uj, in f , n - - n -t , c - in - - n -’ ann -
e-s i-m ac-c on - t n - m u - - - 1 exr~c~ n- n- - in - 0 cc- - . ~, ‘‘i’- n-n- mc - n-a ,- h-  * n - m n - n- in- ~n- n- at - to
‘i T  t W a . c- ‘ n - a - I n - i -  -t  n . ’ -  r - ) n , u i a ’ e - - ’  n - n  :m ’ - o mr ’ ( l - - ~~’ i n - n - s e  rn- n-
n-I c-On - c - n - i C - n -  oc- t n — c - n- n-- . i ’ i n -  h S , n - t ~~~~ n n -  n - l n~~~m- - x l c n u ’ l ) ” , o n  a . - n ’i - - — c ’ s
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s u r f a c e . S i - n - n i  f e a t u r e s  c-m igh t ha-- - : n - : n - e n - n -n - ted ~f - ‘- nt-n - — ‘ n - - n-u i f  n - n - un - u
were assumed b - c - c -- n - n - i a- -c- t n - i n - c -  n - r n - p o r t  c —c - m n - c - l i  tn-’ or n e a r — p r o p u r t  m o r t a l i t y
of oxygen coverage c - - c - ce si u m  :n - , - ’, ’ n - c - r o i - n c -  - -a - -  , t - , I  r- -guire cn-n-n - -~~~n m n - r n - c a -  n- _ n - f
a monolayer on-I on <v n - n - c ’n on t I n - n - - i n l t e r r m n e n - l i n - n - t -- sen r f n m c e .’ .

The observat ion of a smal le r  0/Cs Ann - n ra - c - c - - n - n - k  r a t i o  for  - s u r t a n -- -~, n n
covered m n - t n -i n-t h y w i c -h  less than .2m on -I ces iem mnn -  m ph -c--en c - in - n - in- cc-acIn-
oxyn -n-en atom on tin - c f i n a l  Ge/Cs/0 sn - ,n - rf n - en -~ may a c t u a l l y b r idge  two
n e i g h b o r i n g  ces ium n -n - ton - a s .  ‘rhe sun-taller 0/Cs ratio would be exn-,ne cc -inc -m’i
at low coven-ages because- of the smaller nun-in-bar of neighboring cc—
sium atoms . This point requires further investigation.

e. Comments Regarding the Possible Application -n- of the Levine
S t r u c t u r a l el to Ge/Cs/U

The Levine s t r u c t u r a l  mS iel for  Si/Cs/9 6 , based on the experi-
menta l  resu l t s  of M a r t i n el l i  and Goldste in  , is shown irm Fig. 40.
The clean silicon surface , l ike germanium , is assumed to have the
Schl ier  and Farnswor th paired row structure . The adsorbed cesiun-nu

- ‘ resides in 4—fold coordination with the silicon on “pedestal” si tes
atop the double rows , wh ile the oxygen occupies the “cave si tes

a between -the rows. Both constituents are present in quantities of
cnn-in -n -—half monolayer , each residing in a 2x1 configuration on the sur-
face. The reduced work fun-n-cc-ion of the surface is due in part to
tha n--n dipole layer formed by the oxygen and cesium ions. Details of
the mode l are discussed in ref. 6.

There ar-n a number of experimental similarities between Ge/Cs/0
and Si/Cs/U. i-[any of these have been discussed or at least men-
tioned --In-n-ring the course of the paper. Because of the s imi lari t ies,
the apc-iin-n-ation of the Levine structural model to Ge/Cs/0 must be
cons n-eli— c- c- em~

Bri e f l y ,  the experimental sin-n-n-ilarities are :

1) Similar activation procedures. Both cathodes are- formed
by first saturating the clean surface w i t h  cesium , then
optic-n-i sing the photoelectric response with on-mn -penn -.

2 )  Sjr,n-j’Lar clean surface LEED observations. Patterns from
both surfaces exhibit 2x1 diffraction. The only difference
is tin-c absence of the additional 1/4—order features for
silicon . Such features n-n-crc observed by Lander and :-lorriso nn- 26

h ut no t by Go l d s tei n 7.
3) identical LEED patterns for fully—cesiated and fully—

an-~”c-ivated surfaces. Both patterns exhibit strong 2xl
diffra ction.

4) P n - n - c -k e d  sensitivi ty to deviations from structural and
chemical perfection .

in-n- ~ I n i n - n- - of tin-ese similarities , a number of e xperimental oh—
nn--u rvnm c-ions for Ge/Ccm/Q h n - n - v m - l n - n ’c -n  discussed win-ich un-re t c - t  i-in -rn up nn -tib le
win - ba c- In-c- Levi n-nt structural model. The basic Ln n n - on -n -nci st ei n - cy be twee;n-
t•~I~n - n - n - present observations and tin-c Levi , n - n - n - - n c -d e l  is t h a t  t In - - n - c - -’- is
cons n - - I ‘rable s n - m n - c h a r  f for a double r i t  n~ r I n - i  n - n t  a - i n n - - n m n - c  n - n-m i cc-s iurn-
layer. Wb n -  I I a- ev id e n c e  may be la-cl-: i - rn - n i c - h u t  t ir - - second 2x l  layer is
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comple te, it is apparent that a sin -n-pie 2x1 layer is not s~~.
for photo—optimization . The measurementa clearly indicate that t i n - n -
point of cesium saturation-n- (which must be reached for optimization)
is d i s t i n c t  from e i the r  the m in i munm won-k f u n c t i o n  po in t  or c-c-c- • Sri
point , both of which  occur at lowe r coverages and can be un ique ly
identified with particular features in the experimn-n-cntal data.

It would be premature  at t h i s  po in t  to propose a s t r u c t u r a l
model for  Ge/Cs/0 which would p i n p o i n t  the exact  pos i t ions  of the
cesium and oxygen atoms within the 2x1 surface net. The ability
to do so would certair m ly be enha nced if the ESER da ta could be
in terpreted . A more thorough examination of the 0/Cs ratio tor
partially—cesiated partially—oxidized surfaces would also be help ful.
The available data, however , imp lies tha t two order ed cesium lay ers
do exis t, one likely associated wi th  the s u r f ace “pedestals ” and
the other  wi th the s u r f a c e  “ t roughs ” . The oxygen l aye r  is also
ordered and most likely occupies a position between the two cesium
layers. The function of the oxygen layer is not entirely clear ,

an- but the charge configuration -n- in tn-n-c surface reg ion must he rec’n - i s —
tributed during adsorption in a mann n-an-r that enhances the surface
dipole. The oxygen may accept charge f rom the cesium or it may
act ual ly  al ter the posit ion of t in - - n Ce -Siu ffi wi th respec t to the
germanium .

4 9
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V. CONCLUSIONS AND I E C(n - -1ME NDA TI t n -NS

In summary , a work function n- c- f .9 1  + .10 c’V a~m c I an- n - , ; n - l t e n -
l i g h t  s e m n- s i t i v i ty  of 45 p .t / l tn -t n - n -.n - mn - w an --, c - e n - h j~~’ n - n - n - n l  or n - n - mn - in n - r i ni-ic dun (IOj)
n - n a n - c -~n - lcn via the an--phica c-ion ot ce-sium a-n - i d o n- -n - n-- g e - r n - . “ln- ’ .ic’~ iva n-- m n - n i
c-re-ce-den -ru was the- same an the c-c-O~~ , n- t n - n - n - n - n- n -- acin- Sn ; us- - c-i to a- -n-h len - n - c -  h E A

on Si (100 ) , c - in - at  of s a t u r a t i n g  the ci e n - n - n - n - i  s e n - c - t n - n -c n n - -n- ,-n- - t i n - - n - n - n - s i n - n -  - an - id
tb - nc- n m a x i m i z n - r n - - i  t , rn -~c- pin-otoru l -.- cc-ric yield u-n -ic -h - ‘n- mn - n - c - i- r n -. tn-in - i ltn - t i n - c
work f u n c t i o n -n -  va l ue is not low enough c-u be n -n - t i l e  tn an - -:In-ievc- - - n - c -A
on a s t r o n g l y  p — t n - t i e  sample , c - t ic -  photoe li c-a -ta-ic rn -n- sen - Its i n d i - : , , t
chat n-- i-ne white li g h t  s ens i t i v ity would  bc- improved s o c - n - n - n - - n - a m.. Ev en - n -
if it were n - n - n - n - n - n - n - si b le to a c h i e ve  N c-A w i t h  n - I cc - m n - in - i n n - i n - u n - , t l n -~ dark current
would tt mn - n - b n - n t - n - n - - t e d l n -’ n- n-c too large fo r i n -n a n - mn - -, - a n n - - n - , !  l o a n -  t i o n s .

The nnin c in - )un -ml value of the r n - n -  c-n ,O’ nn -t tn -t in -e ly n-n-n- c- n-s the In - ms i n -i n - c- n - n - d c - h -  n-i
to the sem mn -n -o rn- n-n-i n - m c t o r — C s — 0  a c t i v a t n - e a n m n -  process wh u cm — at n - i n - - n - n -  pres n - m c - t
time is n - n e - c - we l l  u n d e r s t ood .  i - n - in - li e - an -n - ,c- n--n- n-act structural model --u .n- r
n - n - n - i t de-1,mce-d fran-n c-h-n -- n - m c - m p e - r i c n e n t . a 3 .  result s, tn - n - n - n - cn-,n ide -m n -on -- was ci n - c - a r

a. c - i n n - n -c- the - Levine structural model -:I~ d not nn n - i n - n - n -’iy t n-n-a- n- In - / nbin - , ’ O , e n - - a - m ’ n - t r c - m-v
to expectatn-on. It would be informative to carry out che- sai nn - n - in--
vest n-,qn-ttn-e)r-n n - -l uau S i /Cs/0, since preliminary n-n -- -n -mo lts for tn - n -at sy s c - e ’n - .
i r n - n i n - c a t e  t n - i n - m t  c c - n - n - tn - — h a l t rn -n - e r mo l n - - -,’€- r of ces ium inn - n-n- - , ’ not bn -n - s i m f i - n - i c i e n t  tn - n -  

-1 1-I- - n-n- -n- - 
— 

- -
acm - ic -y e  c - n - -, -, - ‘ - . Ces n -n -m m s a t u r a t i o n  was found to occur at a co-n - n - a c--
age hcn-’o n - n -n - l  c-t n -c ‘--D c -k  f c m n c t  i on -n- n - u i - t i m - n - u r n , con t r a - r n -  n-e- c - r n - n --- of the basic
as n- ; n - a- r u n -~t i o n s  of the  t in - od e -h.  A n - i m u d i f i c n n - t i o n  m a n - - n -ha t he ’- rc-~ju n - i r n - n - i  ,n- ,i iot -z imn - rr
a bc -i- is of t-,-,’o rather c-In-a-n on-n-ca cern- i n - n - i - i  atom ~-cn- ma i-i  t en - on tin -- n - 2xl sn - m m ’ —
ta-a-in net.

Another  i n - n - u p o n - c - a n t  r e s ul t  on -I th em n - n - n x u n - -cnnrj menn -t  i-n - a - c - c-in -c obi-ne rn--’-c -t io n
-c-f s u r f a c - . s ta te  emission in c - n - n - c  photoerniss ion. Tn - n - n - - (n-e -’Cs n - n - n - n - cl h - n - - .”
Cs/U c-DC ’ s n e - a n - c- 3 .0 e’\- photon energy  we -r e  i n-- n -mi t i cu la r  li -v i n t e re s  c - r n - n - -
1 - a - a - n - n - t n t ; ’  Lhe b - - I n - a n - i c r  ‘there , en ’-n t v n -o u s i y  a t t r i bu t e d  -to bull-: eciss ion ,
was ver-,’ l ikely due to t n - n - u n - m n - s i t l o n s  in v o l v i m n - q s u rf a c e  s ta tes .  Ti-ic
ri ,i r e - c c -  b e in -a v ier  a- ; t I n - c c - s u r f a ce  s t a t e  cn -n i s s n i o n  was a l so  i m n t - .n r e s t n i - n - n - - j .
- f in - c -  n - - mn - an - ten-n - In - n - n - n - ei c rie-asurernents sh ould  be n-n--n--n -tend ed to h ic-jin-~’r phoc - en -n -
energies a-nd n - c - n - n - s en - r u Li with bettor r e s o l u t i o n  in -n - ord ,n -r  to i n - cr  ca n-c-c-
c on f i d e n cn -n -  in  tin -c n -n - b~~ e n- c - y a ti o n~~~.

Fin - in-cl i n -  , tmn -n- :ms-n-’ful ncn-n-ss of then ESER a n - a c- I c-n- i-n-~e n - e - in -n- str m mn - t - c-n-il
- In - n - t a - rm’- ,inati orn- -n-as also dc- n m-c - mn - s n - c - a - tn - -il. I t-a was I n - c u s~si ’;n - i e , for  cn - m ’ n - n - n - ” i ” lC
even- n- without n - a - i c - u n - i  f y i - n - m n -i the - a--n - n - n - c t origin of f- in- c- d i f f r a c t i o n  u - . c - u ,
c - i ) e x t rac t  u - n - u t  n -a l  n - n - t o r n - n i t i on - n -  a -- - r c e r n i n n -’j  adsorp i- i on u n - n c - c - c r - n - o n - e n - s .  iln-i ’
cur-n-c’s were “n - i s - n - n  helpful in i n-ic -n c ifyurm n-’ m n-n -nd compar-a nip s-arc-aces.
h-c - n - - l ilSO of m i _ I n - - n - - n - n - n - i c - t m  01’ p o t c a r ’ i n n - l l ’,- v u n - l n t . n - b l e  s t . r am c ’ t n n - r a l  , m n - n - f o n - m - n - -, u n- n -rn -
‘“ c - t n-t -n -mo oc h in ’ a la - i n-n-c-p ln - ta . n-in-ore o f  (- ‘- n - n -  m n - t n - o u l d  i i - . . ’ - _ . -p i n - n - n - e h c -d it ; t 1 n-~
n - n -m t  n - n - n -- ’- i n - c - n - i - n - h -- c - n - - n - n - i -  i cal  n - n - n - t --in ;r e u n - a - t, jcn.
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(100) S’,ru - n - n - me al -la - , en - i

n- n - n -  t h n - n -  n - n - r e - s e n t  t n - n - n c - , t t , - - r c -  n - s  n - n -tie n - n - - n - i -  n- n - - i - - m , c- 11.
Lure c - rn -  a n - e ;c -r ;n - ctur n -nn -i n - - n i u n - - l  f - a r  n - c - ( a , 4 ) )  . , Tc ‘ ‘ n - f l - n- n - in -In-n- t i- c - I n - n - a c -

- l m l f a r r - ; m t  s r u ct , n - n - c - - : - n - n -  h n-u n- ’n -.- ne- -n i n - r n -  r n -n - i - I - ’ ‘ ‘‘u-’ ’ ‘~~~ n - I c - f l u  e n - f  - a m  ~ch
i - m-m t n - a l l y  nn n - on - n-n j~~t n -  n - a t  w i _ rn- n - - L n - - n - l r i , n i T h n - n - c - r ’ ’ a t L o n s  n-n - f ‘ m n - i n n - ’ -re- sn -n- ta t

n - n -n- n - c - i -in- n c - I , . ‘tn -n --en- are baton-cl i n-n- n-_ n - n - - I c - E n - )  o } n - n - a -  ‘ ‘a c - w e - s  or  r , m i -n c ’~-; aau ’t b ; .
Sn - b a i ter , n - n - a n - i  ç n — w o r : - : c - a s 2 ’ -’ , ‘ i n - a - i  t n--J o 05 t n- On-) - a nc - v i ti o ris on- La m n a - -n -
- n- rn -cl n - - : a m c - - r n ,- - - ; n n ~~ ’ . ScIn-lier n - n d  F n - n - r n s n - - a - n - r1 -

- c- n . ‘ r~ p a n - t’ erns cxc- i L - n - t i n - i n - n -
1 / 1—oman - Ic r spots , w in - i l ’ - L an d - n - ’ r n - m n - c l  n- ic- - r r  ma son r n - ’ n - o r t ,  1/ 4 — o r d e r  n - c --n - t u r e s
in a--bh ition t n  n-he 1 / 2 — - n - n -  u n - n- - t n  s. T n -  four o n -  ‘n - n - n - c - n - u r n - il n - . n - c n - - n - i~n - l s  a n - run - -
shown in Fin-n - . 41 fo r  n or ’nh :- ’ n - r n -  a -on - a -  ha e n - - n - h  n- n - n -  h r - c .  Al 1 of the, n n-i n-i -is
[ n - e n - c -  c - e l l a - c - n - n  t i n - - n -  en - - n - i - a - t n - - n - n - c e  of u ’ u m n - n u a l  iv  n- - ‘ r’mn-enem n-. c: n -Lmr sarfacen-- n - I” ; , a - i n n -S
to n- n - a n - e , L n - m n -t t-”r the ; —fold c - c a t , u  i n - - n - c I a ‘ r ’- .- obsci c - - c - - n - I  i n - n  tin-en LFIfLn-
patter n-n-. S e n - n -n -h en -on -- ma n - n- rn- s exist n-~~~ i - n- , n-n-n-ntu rai !v on rno :’n- s ,mn -- n - c -n-n-th surf - n - n -- n-n-s
of d i e — t oad s c - m a n - n - c c - e n - r e nd cr n -,’ n - n t a i s  b i n - n - c - a  t n -, . - n - n - n - I  t n - m n - ’ a - i  n - c - m a n n - n-n - r i n g  I - - - in
d i r e - c - n a  i a - r n -s betwec- n -- ic ce - ss in -’n - - (100) 1 ,n - n -n- ’c- c-n -’ .

The n - n - chil l er ann - n - I r a rmn n -n n - c - r n - I n -  n - - n - n - n - i - n -  l~ ° ‘ n - - n - a -  n - n - n - C  c c - c - l i - a - mt n - - r ~ n — s e n-i
fo r  he Ge (100) sur a-ace . tIn - ic - c - n - - n - mi-I ac mounts n - - c- t n - l i ” -  1/2- - cl r
c-RED n- i c - ac -n i n- - s  by ‘n - n - - m n - m u  n - m . n - n -’~ n-_ In- m t  n -n -d n- m c n - ’ n a n-n- ron-- s o f - n -u r n - l a n - cc n - m t  - c -n - n - - n- n - n - n - n - j r
t- n - a;n - - ’n-n n n - n-’-r n - n a n - c -  double- t-c-~’i - , I n - c - I L - --. rig t h a n - n  n u n n - b c - r  c m  f r - - , - 1 n - - - n - n d~ a n - n - n - a l
i - n - n -- n- i_ n - n -  thin - s n - a r f n - n -c e- i n - n -  c-n- I on- -n - e n - r o n - n - c r  n -n - ’ s tat e .  The E n - n - - n - n - n - ,  n - n - ‘ “ nc- n - t i n - i
-n -en -p l a ins  t i n - n - ,  h x l  h - n ’ c  ,maod i c i  t -

n- h a  a - s a n - n - n - i  n- n - n - :  t hat  n - t o r n - u s  in  c - v a - m a y  s~’-con~n-I
r n - i n--: ar e, r a i sed u - - i c - t m  r t ; S i ” e - n - n -t n-- n- a- - - ‘ ‘- in ne u, n - l l n - r ; - - m ’ m m ;n -~ n - - c - u - s .  Ic-c-tn -i
c-n-cc-_l an - i s  w i n - r e. d e d m i c e m i  on t~1 n - -  - on-n-s i- n - 01’ t n - n - n -- Sn -n - ha l ic - i- a nn -cl E c - r r n - s n - -,n- m n - r n -  -

n i - S e  rn-a c- I n - n - n i -

L . a n n n -~n- - c- _ n - n n - t  n -k )rn i  son -n - c - i - -, who c- i r s  i ci a-n --r n-n-ad the I / 4 —  - m  . 1 - c- fea-
tures , In - -re in - c i sc a- n - n - n - n - m t  i a -I  L a - n - n - a - n  on -I . n- c - - t n -n - mn a 1’ ,- o v n - a n or r  nn -n - ll  n-~, - -- n- n- i. n - e -r an - n - n - _ i
F a n -n n s w o r t h  s u r f a c e .  f_ . - ’ -n - n n - n -l i l - i l  1- n - - n- cr  n - n - r u - n-- i n n - t a  n - n - f  1 , -n - n - I rs 1, n-i - n -- n - - h
- ar r a n g e m e n t .  S i n - -- , - n - c - t z  - - 

~— r c i ) - an- ;in - - s a s,n-n i i n - u n - n -  n - n - mc i-- b i n - n - i n- 
- n - m m .  t n - i n - c  n- , n- n m

i~n - n -y cn - nr i n n - s t  - n - a n - - i  is conn-plet-c- n - n - n - nm a- - n - m n - n - n- s n - . n- n - 1  ‘- c - i n - n i  j u - ;n -t e d  e n - n - i - a l m s ” ~in -n - ra i, ] i n l
tn-n - - c - n - - c  undc-rln -’ i n n - . n - an - s .  B ot ’u  n - - n a - d c’ Is r c - g m n - i r e  t i n - n - n -  c- m n - -  - t n t  - r a n - n c - c - e n
b e t w e e n - rn- ( 11) tn - en -p  l ay e r n- -nc -as ‘n - , - we n - n -  c - m n  n - n - r i l e - i n - m n - a t  stn cn -r ’_ n - m n -- o c- n - i ia c
r n -n  i - 1  c-c- n - n - t i n - n - u  e n -  n - i n - -, - 1 / n - — c -- I- “ LEE D ! n - - - l n- - em r c n  a- n - n t i q h t  c - - n - c a n - i c - .  ‘ i _ in -c t n - I ,
l. n - e r  ro n --n -a ,n - r - c n n - a -  of n - n - n - i r s  in t , n - t~ - n- n - r n -  n- n - _ i , a n - n - e l  ‘ n - - n - ’, s n - - m n  m n - n - O n - c -n - i  an -nd

n- ’i’n - n - n - i ns  in  the n--m a - j u a n -  c -n c - n -b  I

‘[‘he ’ d t f f j - n - n m l  t y  i n s et  n- - t i n -  - i  c l a n - a - n - n -  su r f a c e - r u en - e In - - l  i n - n -  l a i n - c- ‘ - c - c - n-n- —

n- c - n - u  n- n n - t n - - - r i r -n- n - m n - t  is t ha n - u tn - n - n - -. - 1 at t ’ n - n - r  n - - c  c - n e - - i n - I  a , n -n -c -n - i C S ’ncc -~n a - i n n - J  n--’ a n - b )  e
c - I -  , , t C C O l n-~~t for  ‘1 of t n - n - -. - L!rEI )  f e a t n - n c - n -.as o b s c r n - - i_- - i , n - ire  a n n - 4 n sn n- - u -nY

n-n- - n t h  t n - n - -, , n - n t ’ - s- -nt En -n - I-I D a-i~ s- ” r V n - n - n -  i on-n-s [ m a n n - n- c e s i a n -, - - , l  s un - t I n - n - - n- - s .  n - tn - , l i e

n - n - - c - I n -  r n - n c - d c - I s  corr- - 1  t n - ’ predict c - - n - - ’ c’:< n - s t - -n- ’- - of - n - t r i n ’ n- n-n- e n -d 1,” : —  re l-an r
‘ i n - n - i - i n - n - n - - n - - i  n - i n  c - r i o  n- - 1_ ‘- , n - , n  ~~n - n - i c -  n , - , n - a  -

- 
dcc n i - n - l a  fan-— ‘r t i n - n- ’ a l a s - r n - -c ‘ r a n - n - c -n-

uY th en -n - n -n - t n - - n - t n - i  c - - n - n - - i n - n - - ’- - - l i - n -c-u i s  m n - i n - n - n - - r n - n - C l .  In  n-n-m n - i n - - n -  mod el  ‘- ‘ -n - n - n - n - i t  o n - n - n - n
n- I n - , - s a - r f c -n - cc ’  - n - t’n - i t c - ’ L C  a r r m f l - m - - rn - - ’n - , n I n - n  n-~~n dn-- m ; n -- n- r n - -  n - n - f i n -  n - n - -  - --n- c- - n - m n - n - I ’ :

n-itn -crcvl n - n - n - u n - tn - n - ic - n - n - li d c - - ei s i I a n -~a- n - n - .  k i n -  h i - c - , n - n - n- n - - ’ n-a n - t n t  e x m n n - ’ ec-  n - t i n -  n- ’ - —

n- - m a - b r  -n-- n- ’ n - ares  i n - n -  t in - c -’ l ) h ’ID  - ittern l ’ - -~ n- n - -  r n -n - n - s n -, n - c -  to n - - i ’ c r n - I n - c - r ni . n - e n - i ,
corn- c - a i r -  - in - i  - rn - tn - n - n - in -i “ n - i t in -c- n-n- . I mm n -n - c i ai  it !  i n - f l  , m n -c - t i n -  n - a  . 1 n - n - i a- n- - n u n - n - i l CIa 1/ — i n - r e N  - r
f- - i t  ‘n - t e s t n - - inn - n  t i n - ’- c lea n t n - m r  t n - n - i n - n - ’  w h n  ! n -  n - i n- ’ -~ rn - en - c - li a - n -  c - n - r n - n - n - e n  than tin -o sn - -

- ‘ l . a - u ’  r n - on - i  • n- n -c- c- ’n--~ mn cnilc n - l s u-a - n - m a  - tn - n - - n - _ a -  - - - 1  [n -n -c I n - c - sn -n- ‘- n -n- n - - n - n s
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In c l c - -t e r m i n i n c j  t i m e n - n - n - , r e i n - c - l a t e  i n - l i c - n - n - r n -  s ur  fa c n - -n - m n -n ode ,-i , both the
weakness  o n - n - c - In - c-  I h - I — c - - n- - n - n - r  l~frc - D features a - mn - n - i their ‘ i i s , n - r n i n - - a r n - n - m n - c n
n - n - n -  ti-n- c e s i a t n i o r n -. w i n - n - r n - -  taken ms c - n - n - i n - i a - m n - a n -in- i n - i n - a c -  t n - n - n - n - surc n- n - :- - a s  in - an - se -n - all y
2 > - i in rn - , n -t ure . T in - cn -  n - n - e l - I n -  t t n - i n s  1 f n - - a m m r e s  -.- ‘ n - -xn - n- - v i en - t~’n- - n i  as result incj
f rom a s 1 in -~t n - c -  ~n - n - - r ’ tn -n - m i n - n - t n n  n - a - m n -  of t n - i n -  2m-: l net. The- c -n - c - dc - i  of Sch l ie r  n - n - m n - c l
f-’n - i c - n s -. cr t t a  was tn - an - n - - c - c - -  - -n-i as a first n - n - n - n - j~’rcn-m -m in -n -an -tio n I n - - n - - c a n - u s e  of n -rn - c.- r q n - ,,’
n -n-onsideraic- ions. G r e e n  n - n - n - a d  Sei- ,-n- a it z 4

~ han-c demo n s t r a t e d  t in -at  the
- a n - c - c - c l  c o n f i ; n - n - t r  n - n -  m a i n - f l  n - c - l a  t e n - I )  lan--n - n - c -  atoms in c - n - n - , at mode l i s  e t n - e r c n c n - t i c , a i —
1~; fan- ’-’orn-n- In - l e tan- c-c-n -a- mn - n - m n - n - n -red si- c - I. - - bern - n - n - n - a-an- thin -- ene rgy  rn-c - l a - n - n - s e a n -  by
bond f o r m a t i o n - n -  is . r c - c a t e r  t h a n - n  c - i n - n -n- r c a ’sen - l tan t  d i - n - c - m i r t i o n a l  n - n - n - e r e j v .
‘ t i n - n a n  c a l cu ,i ,n - t i o n  a l a - n a  , sh - )-n-n-’ n-s t h a n - n - .  t i n - c- p a i r s  t cnd  to form c - n -n- c -n -n-n r - , n - r b n - n -,-r
t han  ~o i n i n q  t e n - n - n - - f  I n ,  n-n - r an dornn - l ’,’ on t he sun -tn-i c n - n -n- . c - c - n - - n - n - i c --c-ed u n - a n -  ir s  an-
n- m n - n a n - i red c - n - n - - w a -  wou l in -  c a - - n - s  - stra-,n-i ’. n- n - n  n - n - f  n- n i-í a i / 2 — o r a .l n - n ’ r  in - c ams in - n - tin - n-
LEn - b  t n a - n - t t c r n n -  , n- n - n - i n - t n t rary to t he  - i a - n - n - -, n v ,n -  t o n - n - s .

The Sd’t ’ n - c - L t y  n - n - mn - I an- i n-a- - t h i n - . S t . n - i n - l l i ’~~ on -‘ ft c t n - a -  t .n-n-yer rn - -con—
st r a c t io n  a l s s o cj , n - - , , m  w i — n - . t n - n u n -, n-n- n-_n - n i l - n - n - -c- a n - rn - al t - ’a r n - n - s w o r t .h n - n - a - n - i n - n - -I n - m n -; -n -n - ses
n-n- r,n-ther rn - a - id consn- rai n -n -c- en - n - n - c i f l  n- na a r — a - n - n - n - n -  m ie n - m n - n-n- of t i n - n - - -n n n - , i- -- nl’n-’ine n-
layers. It is O~.’n - ’i 0 U 5  ‘ n .  n - n -  n-n - u n - n - n r c  i -n a - S t  I n - ia  ~n-n- r e g i o n  o n -  tn - n - - n- n - t n - n-n- i n - ’ ion
between-c-, t I - n- - a - s ir en - i  sun- n - a - -. - ‘ rn- c - - n - n - n - n - r n - n - n -  n - i c  n - in - n -- n - - -  c- h - n - ]  n-n- n- ’ n - i n , t  i - c - n - n - r a t, ion
Tn -n -n-n- a-rn -c-a ’ ‘ ‘ i -  n-n - m i Oe n - r - Ia c i t  b - n - c - - n -  d n - s n -. - c - c -  n - - n - n  n-n - n - i l  l i t - c a i n -  oc- -ur l , cn -t w- - ’ an mn -
first -n - r n - al n n - n - n -’ ’ n - l n . n- lan - n-- a t n - n - - - . n - - n , c - - n -  n - h  soc-c-  ,-n n n - j v &  1’ .’ n. t 1 r n - m n - n - i n n - n - i n n - ;  n - r n - - n - n - I n - n -n- n-n-

k n - c - n - c - w c -~ ’~ n - [ a - n n - ’c r  i n - t n - n -  rn -n - . ‘i t - n la n - n - n a n - a. - n - n - ’ i n - a - i n s  con - 1 - n -  - r n - n - i t t  n- ” ( ’ n -a n - ’- - j n - at , J ’n-
-r e s u l t  in an- su n - n - I n - n - .  nc - -n - n- n - j n - s r m c r n -t o n -  n- n - n -- . n- n- - n - m n - u - n - - a -  1, - i - n - - - r - n - n -  t h e n - m t

‘ n - - n - n -m n -  r o n - m a --. , ’ the 2x1 p c r i c c - i i n - n - d t y .  h a - - n-n - i n - i s ’,’ on - c -ho  P -a -  m o d i c  nan - n - n u r - , n - n - u

t n - a n - n -  l a t t i ce  , a d - i  c i  i nn - n -  n - I  2 - ‘ n - p  n- n - r c a  n - ni  n - h  i~ ‘-n - - ’ 11 n - n - ; ~p u - n -  n in t I n - c - L1-:ED
a-u t  t e r n - n - .

i i -, l n .n- s i n - ; n n - t I~~cn - n - ; m , n- - n - n -  n - i n - n - n -  n - n - - n -  i n -~ m . m n ’ n- n , -n ‘ n- - i r s  ‘ --a- t n - t i n  1
row sha re ‘ n - - c - n - n - n - n - - n - n -  c n - n n - n - n -- r l y m m r n - ;  n - n - t n -C a -n - l a - , ‘ n-n- n - n - i  n- mn- f i n - n m -  m n - a - n - - I  i n - n - c -  a n - I n - n - c U I - ’ ci i en - j n - ’ , t
only m a cli r-n-- :tly t m n - r o u - n - n - h  t i n - i n  I l ,i’ . ’ n - - n- n oms . This - n - - - t . r n -- r n - n -  r ca- n a n - c -
n-i n - l i s t c - r t . n - ” . - mn - be I n - r o b n - a n - n -.n - d n - ed i n-n- n - n -  n- r i o - . n - n - ’ f an - ,  n - j i n - ’. -- t i n - - h i m -  a- n- ’ - - -- , but

I a - e n - n - n - S  c - n -n- s c - c - o n - n - n - n -  n- -n -  n u n-, r n - n- n-a , n - ma t (‘in - n - t in -ta- - n m - i a n - i d i c i L y  of t ’ h n - - di s t - n - c - t.n - on
I n - tn - - t n - n- n - c - - c m - n -  rows.  T h i s  i s  c o n s i s t- - m n - n -  ‘~n - n -  n - n - n - n - n - n - n - a - t r - - n - n - i - n -j rn - n - n -  of c- hi -n - - sc-con-n - n - j, n -rv
mI-aai aures in - n - the c - n - n - i n - ! )  p n- I t ’ n - n - - t ’ n i , n - nr t n- cat.t rn - n -] Io n -n - r u n - a n - n - , -  cn - n -rcln --r  in cnn -na

n - h i  r -.n - c t i o n  c-nj ’; • I t  n - s  e v i d e n t  f r a n  n - n a -p c -n- n- n- n- on - ’ n- , hu , n - t  n - n -n- - h i  - - n - r t  i -on 
n - e n - s t  have an - n - - c c - n -  o n - l i n --n -i ty of t n--co ( i n - n -  n - - rn-n - c -  o n - ’ u - c - i n - n - n - n -  r n - n - -  ‘ n - n n - n - i t  nl - ’ r;}n-
lengths) alonq a c- n-an-_n- n - r n -- i a p er icn - n - in - cn - tn -n - of ’ - n - n - - - a-c- Ic-or i nn- t b - n -  n - n - c c —
m n - e n d i c u i ,.n r  d i r - - n- n- n- ion . Tin --- l n -’i tJ - n r  n - c e r J - . n - m _ - i n - - n- - m - - -  c - u - i s  i n - - n - a n n -  - in-
orientation n-n - la no i - n - i F n i. n - o r i  rn - c -  r n - s-n - - n -  r n -  1 n - c- in -n - c ? L a -  t n - a - n -’h o n  n - c r . ha n-

n - n - n - - n - ’~~ t n - n  thc ic- i - a - t n - - c - c - c c - r i  ‘ n - n - n - n t  n - a n - i - a -t n--t i n - h n - n - c - n - r n -- i c - n - n -i n - c  rsn -- , .n -  n e i g h - n -  - n  —

i r m a row may be icl c rn- n- n - i -a -i or n ay  ic-n-n- s h i m ’ - ’ c- n- ’ On -n -n sn - n - c - st c - a t - - en - mn - i ’
mesh le n g -t i n -  . ‘ n - i n -  n - am n -n - i lu - -on h o t  n - i n-h-n 2 n - i n - m n -  I -i> : 2 n - n - n - c - S n - i c - S  on - i  t I n - - - si -n - c n u n -n-’ - -

F i n - n . -12 sh tc - wnn ’n- ’,- n - - i  c~m - m n - n - c - u n - n - i sn -s of  m c - ’ i s s i l m l e  -a Il s ’ ‘ t n - n -a n - n - s  of ta -ne ,
Sc h l ie r  - c - n c - I  Fac -n a - in --or ’  h mode l wh ich  a-re c - c nn - n -  1 s i - C n - n -u n-- ’ i  ‘ in - t i n - n -  Sc - u n - n - n - I l l -  . n- n -

di I n - f r a c t i o n  f e a t c - n n - t -- n - - m o b sn - - ma - ’n- ’ - ~n- ’ h . T I n - n -’ s u r f a - n -- - - ‘ ‘  t l i - n - . -I 2 a i  c o n a n - c  a n- u t  n-i
of - n - l L c ’ r n a a u c - - n - L y  r n -  n - n - n - - n - c t  m ; i l i  l o w e i n - n - n I  n - i n - a i r s , w h i l e  t n - n , - s m i n -  n - a c e  of  P m  n - n - .
4 2b  I n - a n - s  a l t ,n - r n , i t - - l - - d i - sn - c -i.a - cu-n -d p a i r s , nc - n - i n - i t  n - r n - n - i  a l s o  t n - m a t  on - n - - n-n- t or n
n - ri -a- a- c-h  n - n - n - i n - ’  be c - n - n - i n - n - en- c- n - h o c - i n -  c - In - c- n c - b i n -n - i ’ . In m o t h  nuc n - c’I u - l s  • b  in - a nn - c - n - n -  -
of st c -’c -r n - n - n -  c o u p l i n g  h e n -  c- -en t n - t n - c -  doub le  r n -n- c - a- a - i  lows hon in - 2> : 2 , i n - n - i, l - n - m -n 2
sur face meshes (an- s shown) , a n -n - ni n a - n - n - k -n - n-n - possible n- i n - c -  a - i ’ , i n - r ’  r i n n - n - : -  i n- r n - i  ‘ r
observn cl  in ‘n - h- a -  LIII - !)  pattern in t b - i - -  d i r - i - n -n ion n - f  t i , - ’ n - ’ c - - s e - n - L j n n -  n - n - n - n - - —
‘ n - r n - i n - c ’  of f o u r .  .-\rc-owm; i n  b o n - n .  d c - n - n - - n- n - i s  a - u - u - m t  n - - n - n - n - n - c - i n - n -  n - n h ’  ~l n - m u -- - —

c - io ns of n- , I i n - -m f l l d a ’i n- n n - in- ” rn - tn n - n - n  t n - a - ’  s - n- - n -  ‘t n- . 1 i - a ’ , ’ ’ r n-n- m oms .
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I n - n -  o r d e r  n - n -  d i n - c - n - c a - a n -  t , b n - e -  r e s u l t a n t  b in - E l )  p a i n -t e r n , i n -  is u n - c - n - lan - ni
to th n- nb  of t . hn - n  -n-n-n- I n - m r  fac -n - ’  as r n - ic i c l e -  u n - i  of -n-i n - mi - m a - n - he r of l a - c - e n - c -  donin-n- a rn-s
in the two p e r p e n d i c u l a r  m n - , m c - f . n - c - n -  o n - - m n - n- n- n - n -  tons , n - n - n - a n - c - h  of wh a mac i n -  is
f u r t h e r  civ i l- c - a l i n to  a sc -n -cc- n - m n - a - m a - n -  of long nar r- n -n ’,v s - m t i n - n - m n - - n - i n n - n -. ‘i h- . n-

s ubdom ains  n - n - r n - n -  a n - i l  of t I n - -  san -sn-c s t r u c t- ,nn -r-. - ( n - n - i  c - c - n -mr 2tm 2 or 1n - c -2 ) I n - n -,t
i

n- c- n - c - n - ’  be s h i f t e d  c-- n - i a - n - i v a n -  to cu- n-i c - I n -  a c - b a - m r  by n - i n- n - n - n - i t  c-n -i ’sn -n - L n - n - n - n - i a -  n- n- a - I n n - n - n -n - n-
an- d i r ec t  m n -a - n t  p ar  t L l n - n l  to the s u m - I n - n - c - n -, - rows . In tn - n - c -  n- . c-o n- r n - n - n -l ogy  of
in -a rk and n - m a c I n - I c - t n -  ~~~“

, n - n - i - - ii e n - b n - io r m - ’n - i c i s  an - re ’ t n - - i - r n - e n - i  c n - n - ’n - t , i i i h c - n - s e  n i - n - m a n - m a n s  cc-n-n- cl
n - - n - n - h -n -n -- i t a c - - n - r ’.- n-n- - n n - i n g  b o u n d ar i e s  a n - nt mn - n - ia , a .sn-c- b ouna n- .i- ar i , ca- n-un . ‘Ic-n - an -- n -on -n - n n - o a n - t i n

r 

vector - n - c - r n - m a - a -  t in - -, , b o u n d a r y  n- lc- t e r m i n ’n -- n - n s n - - h n - e t n -n - n c - r  n - I n - ,. n c - n - I n - n - I o n -n - n - n - n- rn- s an-re
n - n - i  or ou t of  phase with eac -b i  o the r  n - i n n - i  c a - m c - s a n - e l e n - e n -’n- t ly n-- i c c - t I m - n -c- or nn-ot
e t i sor e l c’ r c-f f a n - c - c - s  .vi 11 be n-”nn-’iclent ic - n - n - h o  I V y  in p c - n - n - t e r n - n - .

~~ F ig .  -13 j l lu st , n-- a t n -n - - s. t n - h n -  n - n - n - - m n - l i n n - -t i on  of ‘n - h i s  f o r m u l a t i o n  to
both 2 x2  an - -I 4 x 2  su r f  n - n - n -c n e t s .  At the  i c - f t  arc- c - Ia n - n -  r ea l  s u r fa c - -,-
nets  n- rn -el a n -n- ’ . c - l ao  r c - ;h t  the r e s u l t a n t  r ca -n - l I  c - n - n - n - n - a l  n e t s .  ‘ih-n - c- ffcn - ’c-t
of the presn-- rn - c.n -- - of several antiphase n-I n - n - n a n - i n - n - s  ‘ -ca t h i n - n - n - n - m i  a r c -n -n- a-rn -n-ca ller
t l n - a n  the c n n - n - h -r n - n - n - rn - c e zone (the c-n - n -a - t n - n -I, su’n-f ’n-cc t n - n- - n - i o n  over n-- n-in-ich c-In-sn-
p r i n - m u a n - r y  c - an - c - c - n -  t i e - l a ]  is offer-tic-c-i n-’ cohe ’- rn - .m n - n - t ) is i m n - n i i c a t e d  b e l a n —

• ‘;c ’n - t - n- n-.l spots  or streaks. fin-c n - ; n -~o ts  an - r e  e l o n - a p a c -  n-~n-i in - n -  one d i r e c t i o n
on ly  c-n - c- caus e  a l l  of the an t i c -h o s e  h ou n dar i -s -arc  n - , n - a ’n - r a l l e i  to ea r - i ;
o t t a - n - r .  The s t r e a k s  i n d i c a t e  c r c - c a - p e n -  i an - ri ’,- n- n - m m c - n - n - - n - n - I  I n - n - n - n - u nn - dan - r i , a -s. If
the bounda r i e s  were  r e g u l a r ly  sp an -cod i n s te ad , the elonuajatcn-I arc-as
would an-~’n -p c -a r  as double  n - - n - n - - n - n - t s  ( n - c - c - l i t  beams ) rn -n -n -her n-n -in - an c-is s c - t n -en- a n-c - - n - .
U s i ng  c - t n -n-na f o r m u la t i o n  c-if I n - ark an-nd n-n-i n - n - I d - n - n a, :.- p l i t t i n - m n - ;  is prn -n -cii c ted
for  h ea -miu s n-~-,n- b . c - b ’ - in-n-dices [h,k soc-la lain - ci t in- = + 1/2 , + 3/2 , ÷ 5/2 ,.
for  tin - n -n- 2x2  nn - c -t a n - n - n - I  a- n - i c - h i  tin - an- c- b-c = + 1/4 , -n-- 3 / j n -  , ± 5/4 , . . . for tIn--c-
-in-n - cl n e t .

I f  the f o r e g oin g  i n - n - c - c c -m n - r n - n - t  at i on  is n - n - c c - r n --ct , compar i son  w i t h
th cn c l e an  s u r f a c e  LE E D  p -a n - t t c mn  ( F i n - n - .  12 )  i n d i c a t e s  n - I -n a t  n - - I n - a l e  ba n - n -n-a
2x2 and 4~ :2 nets ia -m-n - is t on the surface , th in -  2 c - ?  n c — t n -  probab l y i n - a n - n-a-
c-he longer range order. This is evident from tha n- be tter n - n -n-soluti o n - a
of the 1/2 1/2 spots  r n - I a n - t i c - c  to n - n - I n - c n - 1/ - I—orde r  sc- r c a - in n- ; . The mn- c -n - t e n - r e  . 

-

of c-tn - s 1/4—order streaking indicates that ti_ -n -- anti ph a se  bo cn -rn -d ,an ies
arc- b c - t n - I n -  i r r a n-’ -~~u 1an1~ ‘n n n - n - n - c -n- ”d and par-slid . in- ’n - n-i n- n- -v ar  t n - I n - n n - i n - n - t a - l a -  on-n-
c - i n - - - n , c -  n c -  urbed s t r u c t u r e, lmo wc -vn - nr , it is c-len -mr f c - can - n -n -  the  n - n - ’ n - n - p e r i n - u ic m ’ m t a - l
dat- a t in -n - i t t n - a - n  d i s t o r t i o n  does u n - c - c -  persist j c-s c e si u m  is an -n -so c-bc-n -i.
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